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Abstract 
The study of pre-equilibri.um (PE) re,action mechanism in 
the intermediate energy region has been a point of interest 
during the last decades. Enough evidences are now present to 
believe that both the direct and pure compound reaction 
mechanisms are not adequate to explain the high energy tails 
observed in the experimental excitation functions. Though a 
large body of experimental data on excitation function exist 
in the literature most of the earlier measurements have been 
done via view to test compound nucleus reaction mechanism 
and hence they covered mostly, the broad pea< regions of 
excitation functions. The work presented in this thesis has. 
been devided into five chapters. 
Chapter I gives the introduction and the background of 
the experimental work carried out here. It gives the basis of 
pre-equilibrium idea which bridges between compound nucleus 
and direct reaction mechanism 
Tn chapter II, details of experim<^ntal zecnrij.ciut= a i.. 
measurement has been given. The description of the stacked 
foil technique target preparati a.-. •=>vf'ry calibration of the 
spectrum, detector efficiency measurement and the lorruuidx-ion 
of the experession used for cross-section measurements have 
been given. The analysis of errors in the measurement has 
also been included. In the end, experimental results are 
presented. The measured excitation functions between 10 to 50 
MeVOC-particle energies are: 
Rh(o6,n) Ag, Rh(oC,2n) Ag, 
Rh( oC, 3n) Ag, 
12^(oC,2n)^2^Cs. ^2^(oC,4n)^2^Cs, 
^^^Cs(oC,2n)-'-^^La, "^^^Cs ( oC, 4n ) "^ -^^ La , 
Br{ e<.,n) Rb+ Br(o6,3n) Kb, 
^^Br(oi,2n)^^Rb+^^Br(oC..4n)^^Rb, 
''^Br(oC,2n)^^Rb, "^''Br ( oC, 4n )^ ''-Rb, 
203 ,, ,206 . 205^,, ^ x206^. 
Tl(oC,n) Bi+ Tl(oC,3n) Bi, 
203 ,, x206„. 205^,,^ . ,206„. 
Tl(ot, -n) Bi, Tl(oC,3n) Bi, 
203 ,, ^ x205„. 205^,,^ , N205„. 
Tl(oC,2n) Bi+ Tl(OC,4n) Bi, 
203^,, , ^ x205„. 205^,,^ . ,205^. 
Tl(oi,2n) Bi, Tl{oC,4n) Bi, 
203^,, _ ,204„. 203^^,^ . x203„. 
Tl(cii/3n) Bi, Tl(oC/4n) Bi, 
141^ , , ^144^ ^ 141^ , . . ^143„ 
Pr(o^,n) Pm and Pr(o6,2n) Pm. 
Chapter TTI deals with the various Nuclear Reaction 
Theories, Apart from compound nucleus theory some discussion 
3 
about Semi-classical pre-equilibrium theories are also given. 
Some of the important pre-equilibrium models like 
Tntra-nuclear cascade model, Harp-Miller and Berne Model, 
Exciton model and Hybrid and Geometry Dependent Hybrid (GDH) 
modisl are described. 
Chapter IV gives the details of Computer code 
ALICE/LIVERMORE-82 which has been used for the comparision of 
our experimental data. This code is based on Geometry 
Dependent Hybrid (GDH) model, proposed by Blann. 
In chapter V our measured excitation functions are 
compared with the theoretical calculated excitation function 
based on ALTCE/LIVERMORE-8? computer code. The comparision 
clearly shows that pure Compound Nucleus Reaction melchanism 
is not adequate to explain the high energy tail of the 
excitation functions. Hence it is concluded that emission of 
particles may take place prior to the establishment of 
tehrmodynamical equilibrium of the compound nucleus. 
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Abstract 
The study of pre-equilibrium (PE) reaction mechanism in 
the intermediate energy region has been a point of interest 
during the last decades. Enough evidences are now present to 
believe that both the direct and pure compound reaction 
mechanisms are not adequate to explain the high energy tails 
observed in the experimental excitation functions. Though a 
large body of experimental data on excitation function exist 
in the literature most of the earlier measurements have been 
done via view to test compound nucleus reaction mechanism 
and hence they covered mostly, the broad peak regions of 
excitation functions. The work presented iii this thesis has 
been devided into five chapters. 
Chapter I gives the introduction and the background of 
the experimental work carried out here. It gives the basis of 
pre-equilibrium idea which bridges between compound nucleus 
and direct reaction mechanism. 
In chapter II, details of experimental technique and 
measurement has been given. The description of the stacked 
foil technique target preparation, every calibration of the 
spectrum, detector efficiency measurement and the formulation 
of the experession used for cross-section measurements have 
been given. The analysis of errors in the measurement has 
also been included. In nhe end, experimental results are 
presented. The measured excitation functions between 10 to 50 
MeV«X.-particle energies are: 
Rh(oC,n) Ag, Rh( oC,2n) Ag, 
Rh( oC , 3n) Ag, 
T(oC,2n) Cs, I{oC,4n) Cs, 
133^ ,^ ^ ,135^ 133^ , ^ ^ ,133^ Cs(c<,2n) La, Cs(od,4n) La, 
79„ , ^  N82m„^ 81„ , ^ N82m„, 
Br{ 0C,n) Rb+ Br(o6,3n) Rb, 
^^Br ( oc , 2n ) ^ -"-Rb+^^Br ( oC, 4n ) ^ -"-Rb, 
Br(X,2n) Rb, Br(oC,4n) Rb, 
203^,, ,206^. 205^,, ^ x206„. 
Tl(o<l,n) Bi+ Tl(oC,3n) Bi, 
203^,, ,206 . 205„, ,_, ^ x206^. 
T K o C , -n) Bi, Tl(oC,3n) Bi, 
203„, , ^ ,205 . 205^, ,_ , ,205„. 
Tl(oC,2n) Bi+ Tl(oc,4n) Bi, 
203^,, , ^ ,205^. 205^, ,_, ^ x205„. 
Tl(oi,2n) Bx, Tl(«:,4n) Bi, 
2f^3^, , - x204„. 203^,,^ ^ >203„. 
Tl(c>i,3n) Bi, Tl(o<.,4n) Bi, 
141„ , , ,144^ ^ 141„ , ^  - >143^ 
Pr(oi,n) Pm and Pr(oC, 2n) Pm, 
Chapter TTT deals with the various Nuclear Reaction 
Theories, Apart from compound nucleus theory some discussion 
about Semi-classical pre-equilibrium theories are also given. 
Some of the important pre-equilibrium models like 
Tntra-nuclear cascade model, Harp-Miller and Berne Model, 
Exciton model and Hybrid and Geometry Dependent Hybrid (GDH) 
model are described. 
Chapter IV gives the details of Computer code 
ALICE/LIVERMORE-82 which has been used for the comparision of 
our experimental data. This code is based on Geometry 
Dependent Hybrid (GDH) model, proposed by Blann. 
In chapter V our measured excitation functions are 
compared with the theoretical calculated excitation function 
based on ALICE/LIVER^ORE~82 computer codf;. The comparision 
clearly shows that pure Compound Nucleus Reaction melchanism 
is not adeqilate to explain the high energy tail of the 
excitation functions. Hence it is concluded that emission of 
particles may take place prior to the establishment of 
tehrmodynamical equilibrium of the compound nucleus. 
OHPATER - 1 
INTRODIIOTION 
INTRODUCTION 
The nuclear structure study and the nuclear reaction 
study which are complementary to each other, help us to have 
a better understanding of several properties of the atomic 
nuclei. The present work is related with nuclear reaction 
study. With ths help of high energy accelerators, we can 
accelerate the high energy particles like protons and alpha 
particles to produce nuclear reactions in all elements of 
the periodic table. A nuclear reaction, in general, is one 
in which an atomic nucleus interacts with the nuclear 
projectile resulting in the emission of elementary particles 
leaving behind the residual nucleus. 
The alpha particle which was used in the earliest 
determination of nuclear size, is still used to learn the 
shape of the nucleus. It interacts with matter (or nuclei) 
in an intricate way than nucleons. With wide range of energy 
the excitation functions have been studied for various 
target nuclides . However, the situation is not 
satisfactory. There are large discrepancies in the reported 
values , even for a single specific reaction. In order to 
understand the emission of charged particles now the 
detector technology is also advancely developed. HPGe, 
surface barrier, Ge (Li) detectors are largely used for 
i. i 
charged particle and radiation detection. A charged particle 
beam on target nucleus bombardment can produce new product 
nucleus. The type of mechanism througii which the reaction 
takes place cannot be explained until emis£>ion of the 
particle is analysed. Earlier efforts were made to explain 
on the basis of compound as well as direct reaction 
theories. According to the compound nucleus theory 
(2) propounded by Bohr , it assumed that as the projectile 
comes in close contact with the target nucleus, the energy 
and momentum of the projectile is distributed among all 
nucleons.The excited compound nucleus has a life time 
— 1 fi — 7 7 
(^10 sec) much longer than the transit time (^10 sec) 
of the projectile through the nucleus. The emission of 
particles from the compound nucleus is governed by 
statistical laws and hence the decay is indepedent of the 
mode of formation of the compound nucleus. In this reaction 
mechanism, the angular distributions of the emitted 
(3 ) particles are isotropic. Ghoshal established through his 
experiments, the indepedent hypothesis for statistical 
nuclear reactions. Prior to Bohr's compound nucleus (CN) 
model the nuclear reaction mechanism was not well 
established due to the lack of knowledge of the nature of 
nuclear forces which play a significant role in the reaction 
mechanism. Ghoshal's experiments illustrated that the CN 
decay is indepedent of its mode of formation and thereby 
supported Rohr's indepedent hypothesis. In the direct 
reaction , only a few nucleons are involved, the emitted 
particles come out in a time of the order of the time taken 
-22 by the projectile to go through the nucleus (10 sec). The 
main features of the direct reactions are the diffraction 
structure of the angular distributions, usually peaked 
forward and the excitation of particular levels of the 
residual nucleus. 
With the availability of high projectile energies for 
nuclear reaction studies . A typical energy spectrum of 
ch:arged particles emitted during a nuclear reaction, at a 
given angle, at moderate excitation energy is shown in Fig. 
1.1. Tn this figure, at high energies, there are several 
discreate peakes, some of which are well resolved, but at 
low energies there is a broad maximum which is followed by 
the continuum.The isolated peaks at higher energies may be 
attributed to the direct reactions without the formation of 
CN. At low energies, the curve shows that the reaction has 
taken place in several steps and it also indicates that the 
particles are emitted from the equilibrated nucleus. 
However, there is no satisfactory explanation of the 
continuum in these two approaches. This portion may be 
attributed to some intermediate processes called 
(A 
C 
Compound nucleus 
Reaction to 
discrete 
states 
Energy 
Fig- 1.1 Typical Energy Spectrum of Emitted particle 
in a Nucler Reaction at Moderate energy 
pre-equilibrium processes ' ' . It may be assumed that 
the pre-equilibrium emission proceeds through two-body 
residual interactions inside the compound i;ystem, after 
the initial interaction with the finite probability of 
particle emission after each collision. 
This reaction mechanism and the related excitation 
functions of the different reactions can be studied using 
the new accelerators like linear accelerator, cyclotron 
and pelletron etc. The present experimental work has been 
performed using the variable Energy Cyclotron available 
at the variable Energy Cyclotron Centre (VECC), Calcutta, 
(India). The post-irradiation analyses have been carried 
out using a high resolution Ge (Li) detector coupled to 
the multichannel analyser. 
The pre-equilibrium emission was proposed in order 
to explain the experimental data. A series of complicated 
collisions inside the nucleus follows the initial 
interaction and there is a certain probability for particle 
emission after each one of these collisions. In these 
processes the selectivity of the direct reaction is lost. 
As such, at present, most of the analyses for alpha 
induced reactions are done using the various theoretical 
models such as the Intra nuclear cascade model , the 
( 9 ) 
Harp Miller and Burne (HMB) model , the Exciton 
0 
model and the Hybrid model/Geometry Dependent Hybrid 
(GDH) model which have been proposed for accounting 
the pre-equilibrium nuclear reaction. The study of pre-
(1 ?) 
equilibrium phenomena is also useful in astrophysics , 
^ • ^ ^ • (13) ^. ^^ (14) 
Fusion reactor design , radio-therapy and sp.ace 
(15) 
explorations 
Excitation functions for the reactions: 
103„^ , _. , 106W 103„^ , , ^ . 105 Rh ( oC , n) Ag. Rh ( o<: , 2n) Ag, 
103„, , , , , 104„ Rh ( 0^  , 3n) Ag, 
127^ , , „ > 129^ 127^ , ^ . . 127^ I { o<_ , 2n) Cs, I ( oC , 4n) Cs, 
133^ , , „ .< 135, 133_ . . . , 133, Cs ( ex. , 2n; ) La, Cs ( oC , 4n) La, 
79„ , , , 82m,,^  81„ , , ^ > 82m„^ Br ( oL , n) Rb + Br ( oC , 3n) Rb, 
^^Br ( o6 , 2n) ^^Rb + ^^Br ( oC , 4n) ^ -""Rb, 
•^ B^r ( od , 2n) -^"-Rb, ^ •'"Br ( CPC, 4n) ^^Rb, 
203^, , , , 206^. , 205„, , - , 206„. Tl ( o<. , n) Bi + Tl ( «: , 3n) Bi, 
203^, , , , 206,,. 205^, , _ ^ , 206,,. 
Tl ( ol , n) Bi, Tl ( (X. , 3n) Bi, 
Tl ( cX. , 2n) Bi + Tl i oC , 4n) Bi, 
203^T , , „ . 205„. 205^T , . , 205,,. Tl { oC , 2n) Bi, Tl ( OC / 4n) Bi, 
203^T , ^  ., , 204„. 203^, , . , 203„. Tl ( oC , 3n) Bi, Tl ( o<. , 4n) Bi, 
141 144 141 143 
Pr ( cxL , n) ^ Pm and ^ Pr ( oC , 2n) ^^ -^ Pm 
have been measured using stacked foil technique and arc 
intended to supply mostly new data in the alpha energy 
range from 10.0 MeV to 50.0 MeV. The measured experi-
mental results are also compared with pre-equilibrium GDH 
model. 
Details of experimental technique and measurements 
are discussed in Chapter-II. Chapter-Ill contains a 
summary of various nuclear reaction theories and Chapter-
IV gives a clear explanation of the computer code ALICE/ 
LIVERMORE-82 being used here. The experimental results, 
theoretical calculations and their comparison along with 
conclusions are presented in Chapter-V. References are 
provided at the end of each chapter. 
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€HPATEB - n 
EXPERIMENTiL TECHNiaVE 
AND MEASmtEMNTS 
EXPERIMENTAL TECHNIQUE AND MEASUREMENTS 
A nuclear reaction is the process in which a change is 
brought about either in composition or energy or botli, of a 
target nucleus by bombarding with a nuclear particle or 
gamma-ray. Most of the known nuclear reactions are produced 
by exposing different materials to a beam of accelerated 
nuclear particles from a particle accelerator, a reactor, a 
radioactive source or cosmic radiation. Generally, the 
strength of a particular nuclear reaction is expressed in 
terms of a parameter called 'cross-section'. The alpha 
induced reaction cross-section have been measured by stacked 
foil activation technique. Generally, two techniques are 
employed for the measurement of alpha induced reaction 
cross-sections. They are : 
i) ON-line studies / IN-beam technique. 
ii) OFF-line studies / OFF-beam technique. 
The present measurements have been done by OFF-beam 
technique. This is the technique in which a stack of samples 
along with the suitable energy degraders is irradiated with 
the alpha particle beam for a desired time. The thicknesses 
of the foils can be accurately known by cutting to standard 
sizes and weighing them accurately with the help of an 
electronic microbalance. The desired projectile energies can 
i l ) 
be obtained by using appropriate initial beam energy and 
thickness of the degrader foils. Activities induced in 
individual foils are detected and analysed separately, using 
appropriate detection system. In the present measuremem: Ge 
(Li) detector and CANBEERA SERIES-88 riultichannel Analyser 
have been used for post-irradiation studies. The irradiation 
of the target and the detection of radiation are done 
separately. The activity of residual nucleus for a 
particular reaction has been analysed. The method of 
inducing artificial radioactivity within a sample through 
the bombardment of nuclear particles, which leads to the 
isotopic analysis. High precisions, selectivity and 
sensitivity are the advantages of this' OFF-beam technique. 
To use this technique the knowledge of decay schemes of 
residual nuclei and energy levels are required. The details 
of the technique employed has been given here : 
2.1 Target Preparation 
Natural metallic Rhodium and hygroscopic compound of 
Cesium Iodide, Potassium Bromide, Thallium Chloride and 
Praseodymium Oxide targets were used for the present 
measurements. These targets were found to be 
spectroscopically pure (SPHCPURE) of purities better than 
99.9%. In the case of Rhodium, which is a naturally 
2 
available metal, foils of thickness 1.24 mg/cm were used 
2 
alongwith aluminium degraders of thicknesses 6.75 mg/cm . 
PrgO-j^ -j^ targets were made by vacuum evaporation technique on 
J 1 
2 
Alumination backing of uniform thickness 6.75 mg/cm . The 
other three targets, are hygroscopic compounds and so they 
were prepared by special vacuum evaporation technique. The 
2 2 
thicknesses of CSI, KBr, TlCl were 1.00 mg/cm , 1.5 0 mg/cm 
2 
and 3.52 mg/cm respectively. These targets were deposited 
2 
on an Aluminium backing of uniform thickness of 6.75 mg/cm , 
placed over the rectangular masking plate. Thin Aluminium 
2 2 
layers of thicknesses 200 jug/cm for Csl and 25/ug/cm for 
KBr and TlCl respectively were further deposited by Vacuum 
evaporation onto the upper surface of the prepared targets, 
so that the moisture may not affect the surface of these 
targets. The weight of these targets was again verified with 
the help of an electronic microbalance. These target foils 
2 
were cut into small pieces of standard size 1.5 x 1.5 cm 
2 for Rhodium and 1.2 x 1.2 cm for other targets. The pieces 
of standard size of targets were fixed using the conducting 
glue zapon on Aluminium frames of size 40mrn x 40mm having a 
circular hole of diameter 10 mm in its centre. Thin foils of 
2 
Aluminium of thickness 6.75 mg/cm have been used as the 
energy degraders and were suitably placed between two target 
foils throughout the stack to obtain a required energy 
variation till the last target foil. In order to check any 
background activity produced in the Aluminium frames, tv/o 
blank Aluminium fram.es were irradiated separately. The stack 
11^ 
foil arrangement of target and the Aluminium degraders is 
shown in Fig. 2.1. The arrangement of target foils alongwith 
Aluminium degraders for various target nuclei with different 
incident o6-particle beams, used for irradiation are 
illustrated in Fig. 2.2. 
From the Tabl-3 of Northcliffe and Schilling the 
stopping power values of different materials Rh, Csl, KBr, 
TlCl, Pr^O,, and Al have been used for calculating the 6 11 
energy degradation of incident alpha particle beam energy on 
each foil. The errors mentioned in the incident energy 
values are due to the enery spread in the thickness of foils 
and degraders. The energy loss in the target and degraders 
has been calculated by multiplying the stopping power values 
with their respective thicknesses viz.. 
Energy loss ( A E ) = ( dE/dX ) x ( A x ) 
Where ( dE/dX ) is the stopping power of <=<. -particle and 
( A x ) is the thickness of the foil. The stopping power 
varsus alph particle energy curve for targets Rh, Csl, KBr, 
TlCl .PrgOj^ j and Al is shown in Fig. 2.2a.The calculated values 
of alpha-particle energy on each foil alongwith its energy 
spread is given in Tables 2.1 ~ 2.5 
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Table 2.1 Rhodium 
Foil No. Incident Energy, E©^ 
(MeV) 
6 1 3 . 5 9 + 0 . 6 2 
5 1 8 . 9 2 + 0 . 5 9 
4 2 4 . 6 6 + 0 . 5 9 
3 2 9 . 6 1 + 0 . 5 7 
2 3 5 . 0 1 + 0 . 5 7 
1 3 9 . 8 8 + 0 . 5 6 
Table 2.2 Cesium Iodide 
Foil No. Incident Energy, E^^ 
(MeV) 
13 18.06 + 0.57 
12 19.78 + 0.56 
11 21.39 + 0.56 
10 24.26 + 0.56 
09 26.87 + 0.55 
08 30.37 + 0.55 
07 33.63 + 0.54 
06 36.68 + 0.54 
05 39.57 + 0.54 
04 42.36 + 0.54 
03 44.99 + 0.53 
02 47.50 + 0.53 
01 49.93 + 0.53 
IS 
Table 2.3(a) - Potassium Bromide (Stack-I) 
Foil No. Incident Energy, Eo^_ 
(MeV) 
8 3 0 . 2 8 + 0 . 6 0 
7 3 2 . 9 7 + 0 . 5 9 
6 3 5 . 2 1 + 0 . 5 9 
5 3 7 . 3 4 + 0 . 5 8 
4 4 0 . 2 9 + 0 . 5 8 
3 4 3 . 0 9 + 0 . 5 7 
2 4 6 . 5 6 + 0 . 5 7 
1 4 9 . 8 5 + 0 . 5 7 
i-i 
Table 2.3(b) - Potassium Bromide (Stack-II) 
Foil No. Incident Energy, EoC 
(MeV) 
1 1 . 9 3 + 0 . 5 8 
1 6 . 1 1 + 0 . 6 5 
1 9 . 6 5 + 0 . 6 3 
2 2 . 8 0 + 0 . 6 2 
2 5 . 6 5 + 0 . 6 1 
2 8 . 3 1 + 0 . 6 0 
u i ) 
T a b l e 2 . 4 ( a ) - T h a l l i u m C h l o r i d e ( S t a c k - I ) 
F o i l N o . I n c i d e n t E n e r g y , E04 
(MeV) 
8 2 9 . 0 4 + 0 . 6 7 
7 3 1 . 9 4 + 0 . 6 6 
6 3 4 . 3 5 + 0 . 6 5 
5 3 6 . 6 3 + 0 . 6 4 
4 3 9 . 7 2 + 0 . 6 4 
3 4 2 . 6 8 + 0 . 6 3 
2 4 6 . 3 1 + 0 . 6 2 
1 4 9 . 7 6 + 0 . 6 1 
L i 
Table 2.4(b)- Thallium Chloride (Stack-TI) 
Foil No. Incident Energy, E^^ 
(MeV) 
1 8 . 9 3 + 0 . 7 2 
2 2 . 2 9 + 0 . 7 0 
25.34 + 0.68 
Table 2.5 - Praseodymium Oxide 
Foil No. Incident Energy, E^^ 
(MeV) 
15.71 + 0.94 
18.24 + 0.90 
25.97 + 0.82 
30.14 + 0.79 
35.92 + 0.76 
44.57+ 0.72 
J,) 
2.2 Energy Calibration and Detector Efficiency 
The energy calibration of a gamma-ray detector is a 
pre-requisite of carrying out any spectroscopic work. In the 
present measurement Lithium drifted Germanium [Ge(Li)] 
detector has been calibrated by using the standard gamma-
ray source Europium-152 of known strength. The source for 
calibration was obtained from the Variable Energy Cyclotron, 
Calcutta (India). The Eu-152 source emits intense gamma-
rays in the energy range from 120 KeV to about 1400 KeV. 
The highly intense peaks can easily be identified, only if 
the gamma-rays expected to appear in the spectrum are known 
previously. The gamma-ray spectrum was recorded in the 
domain of the multichannel analyser CANBERRA-88, by placing 
the Eu-152 source at a suitable distance, in front of the 
Ge (Li) detector. Other standard gamma-ray sources such as 
22^, 54,, 57^ 60^ 133^ ^ 137^ v, i u 
Na, Mn, Co, Co, Ba and Cs have also been used 
for Energy calibration. 
Detector efficiency can be defined as the ratio of the 
gamma-rays detected by the detector to that incident on it. 
„jr-r-^ - ,c\ Events registered by the detector 
Erriciency (t.) = -^ ^ 
Events impinging on the detector 
To calculate the detection efficiency. Lithium drifted 
Germanium Ge(Li) detector has been used with Eu-152 source 
of half life 13.33 years as the standard source. Tt is 
found that the variation of efficiency with energy for 
detectors of roughly the same size and shape is quite 
similar even though the absolute values may differ. The 
accuracy of the measurements depends also upon the accuracy 
with which the detection efficiency is measured. The detec-
tion efficiency can be calculated using the relation. 
e= 
Co e '^ ,^ G.Q 
Where C is the observed disintegration rate of the gamma-
ray source at the time of experiment and Co is absolute 
152 disintegration rate of Eu gamma-ray source at the time of 
manufacturing. A is the decay constant, t is the time gap 
between the date of manufacturing and observation; G is the 
geometry factor which takes into account the solid angle 
subtended by the source at the detector; 0 is the absolute 
intensity of the particular gamma-ray. The likely error in 
the determination of the geometry factor has been avoided by 
calculating the geometry dependent efficiency using the 
formula. 
C 
€G = — 
Co e - 9 
Now (€G) is called the geometry dependent efficiency of the 
detector. 
By using the source detector seperation assembly 
(Figures 2.3), the standard source and the irradiated 
targets were counted in the same geometry. The prominent 
gamma-ray energies of the standard source Eu-15 2 alongwith 
the absolute intemsities are given in Table 2.6 and the 
geometry dependent efficiency curves as a function of gamma-
ray energy is plotted in Fig. 2.4. Some typical geometry 
dependent efficiency curves as a function of gamma-ray 
energies at different source-detector distances are shown in 
Figure 2.5 & 2.5(a). 
2.3 Irradiation Procedure 
Keeping in view the thickness and melting point of the 
targets and the half-lives of the yields, the target stack 
was irradiated with about 50,46,40,30 and 25 MeV energies of 
OC-particles beam at the variable Energy Cyclotron Centre, 
Calcutta, India. The experiment set up for the irradiation 
of the stack is shown in Fig. 2.6. By adjusting the 
Tantalum Collimator, the diameter of the external alpha-
beam was varied according to the dimension of the target. 
The stack ready for irradiation was screwed at the centre of 
the flange. The Stack holder was electrically insulated and 
cooled by specially designed jet assembly for low conducti-
vity water (LCW). The collimated beam falling on the target 
sample was monitored by a charge integrator, the alpha-
particle beam flux was calculated using the charges 
I 
rig. 2.3 A typical arrangement for source - detector 
sepcratlon asaembly 
w I 
Table - 2.6 
S.No. Gamma-Ray Absolute Area under Geometry 
Energy Intensity the photo dependent 
peak (C) Efficiencies 
€ G X 10"^ 
1 121.3 30.70 216630 65.64 
2 245.3 7.70 29148 35.21 
3 345.2 27.20 80083 27.38 
4 445.2 3.16 6136 18.06 
5 780.8 12.70 15588 11.41 
6 869.4 4.10 4203 9.53 
7 966.1 14.30 15055 9.79 
8 1088.2 10.10 12331 11.35 
9 1114.5 13.40 12940 8.98 
10 1410.7 20.70 16753 7.52 
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Fig. 2.6 Experimental set up used for 
Irradiation of the stack 
I. Valve gate 2. Tantalum Collimator 
3. O-Rings 4. LCW inlet 
5. Target 6. To current Integrator 
(Faraday cup) 
7. Insulation Sleeve 8. Screw 
9. Perspex Coupling flange 10. LCW outlet 
collected in the Faraday cup. After irradiation and 
cooling, the target foils were brought into the counting 
room and the spectra of the residual activity were recorded 
with the help of a pre-calibrated Canberra Serie3s-88 multi-
3 
channel analyser, 100 cm ORTEC Ge(Li) detector and 
associated electronics. 
2.4 Fonnulation 
As a nuclear particle gets into close contact with 
another nucleus the incident particle and the target nucleus 
forms a composite system in excited state and after a short 
while a reaction is produced. Similarly, a beam of alpha-
particle is allowed to irradiate the target and nuclear 
reaction takes place, resulting in the emission of some 
particles and the residual nucleus. This residual nucleus 
which is in the excited state, may decay through its charac-
teristic gamma-rays. 
Tf rr~ is the reaction cross section, N is the 
^ r o 
number of target nuclei, (t) is the incident alpha particle 
flux, \ is the decay constant and 't-. ' is the time of 
irradiation of the target, then the disintegration rate of 
the activity induced in the target after time 't', may be 
(2) 
given by the following expression: 
{01- § N^[l-exp(-AT:^)] / [ exp (At)]} = ^ f ^ ] ••• (D 
The disintegration in the small time interval ' dt' can be 
written as, 
{ ^ ^ N^[l-exp(-At^)] / [exp (At)]} dt = dn ...(2) 
If 't„' seconds is the time lapsed between the stop of 
irradiation and start of counting and 't_' seconds is the 
counting time of 'gamma-rays' emitted from the irradiated 
target, and if D be the actual number of disintegrations 
from the radioactive sample recorded in 't^' seconds, thus, 
Jdn = Do (3) 
Therefore, (^2+^3) 
r (}) N^[l-exp (-Xt-j^ )] I exp (-Xt) dt = D^  
i. 
So 
[l-exp(-Xt.)] 
r 0 N [1-exp (-Xt^)] X = D^ (4 
Aexp ( At2) 
If A is the number of counts under the particular 
photopeak as detected by the detector, (£G) is the geometry 
dependent efficiency of Ge(Li) detector, 9 is the absolute 
intensity of the characteristic gamma-ray and K is the self-
absorption correction factor, then the actual number of 
disintegration can be written as. 
[(CG) 0.K. ] 
- Do (5 
3t 
From equations (4) and (5) we get the present experimental 
reaction cross-section formula: 
"^X exp ^>^^2 ) 
^ = . . . ( 6 ) 
NQ I (EG) e.K. [1-exp (-Atj^)] [1-exp (-At3)] 
2.5 Errors in the Measurements 
Analyses of errors in the experimental measurements is 
necessary in order to make the experimental data more 
reliable, because no experiment can be performed with 100% 
accuracy. The various factors likely to introduce errors 
are chemical and spectroscopic impurities in the specimen, 
the detector efficiency due to the statistical errors of 
counting of standard source, the uncertainty due to the 
solid angle effect due to non-reproducability of identical 
geometries for the standard source and the irradiated 
samples, the variation of beam current which results in the 
uncertainty of the incident flux. In certain cases, where 
intensity of activities produced in the irradiated samples 
were large, the dead time of the detector may also introduce 
uncertainty in the measured cross-section. The uncertainty 
in the measured cross-sections are also due to the errors in 
the estimation of target nuclei in the sample. The 
additional uncertainties in measured cross-sections are due 
to recoiling of the nuclei of the sample. The low energy 
neutrons which are produced when the beam traverses the 
stack material may also disturb the yield. 
Analyses for the above mentioned factor, expected to 
introduce errors, have been done. The uncertainty in the 
detector efficiency due to the statistical errors of 
counting, is estimated to be < 1.5 %. Since the irradiated 
targets were not point sources the uncertainty due to solid 
angle is estimated using the prescription given by Gardner 
(3) 
et. al., and is found to be < 1 %. Therefore, the total 
uncertainty in the efficiency is estimated to be < 1.5 %. 
In order to incorporate the current fluctuation in the 
incident beam, at every five minutes interval, the current 
was noted down and the average current was taken for flux 
calculation. Moreover, the measurement of flux was also 
done by charge collection method using Faraday's cup. The 
uncertainty due to flux variation is < 4 %. In order to 
minimise the errors due to the dead time, particularly for 
the cases where the activity in the irradiated samples were 
large, the sample-detector distance was suitably adjusted to 
keep the dead time < 10 %. However, the corrections were 
applied in the counting rates accordingly. In order to 
estimate the uncertainty in the number of target nuclei and 
to check the thickness and uniformity of the target, pieces 
of target foils were weighted on an electronic microbalance 
and the thickness of each piece was calculated. The errors 
in the estimation of number of target nuclei were analysed in 
Jo 
this way and are estimated to be < 1 %. 
To avoid the uncertainty due to recoiling of the 
nuclei out of the sample, the targets were placed perpendi-
cular to the incident alpha-beam such that sample deposition 
faced the incident beam. As such, the recoiling nuclei are 
likely to be trapped in the aluminium backing, hence no 
correction is applied for that. As the beam traverses the 
stack material, low energy neutrons may be released which in 
turn may disturb the yield. However, Ernst et. alC'^ ,^  have 
indicated that such disturbing yield are also negligible. 
The overall error due to all these factors (efficiency, 
flux variation and number of target nuclei) as mentioned 
above, is expected to be < 12 %. The errors mentioned in 
the cross-section in Table 2.7(b)-2.27(b) and Tables 5.1.1 -
5.1.9 are the overall errors including the statistical 
errors of counting and are generally < 20 % except for few 
points. These errors does not include the uncertainty of 
the nuclear spectroscopic data such as the branching ratios 
the decay constants etc., which are taken from the Table of 
Isotopes and the Nuclear Data Sheets. 
There are always some error associated with the 
uncertainty in the oC-particle incident energy. There are 
two factors responsible for the energy spread. (i) the 
inherent uncertinty in the energy of oC-peirticle beam, (ii) 
0 / 
s the energy spread due to the thickness of the target. Thi 
first factor gives the energy spread of 0.5 MeV at 50 MeV 
oC-particle energy, however, the contribution of the second 
factor is very small and found to be lying between 0.1 % and 
C.2 % depending upon the oC-particle energy in the present 
work. 
2.6 Measurements 
103 
The excitation functions for the reactions Rh (oCn) 
106m, 103„^ ,^ „ . 105_ 103_. ,^ -^. 104^^ 127^ r ^ o„^ 
Ag, Rh (o(/2n) Ag, Rh (0C,3n) Ag, I (o<:, 2n) 
^^^Cs, ^^''l (o<,4n) ^^^Cs, ^^^Cs (o<,2n) ^^^La, ^^^Cs ( cxC, 4n) 
133, 79„ , , , 82m„, , 81„ / ^  -, ^  82m^, 79,, , ^ -^ ^ La, Br ( oC,n) Rb + Br ( oC,3n) Rb, Br ( p<,2n) 
^^Rb + ^-^Br (c^, 4n) ^-^Rb, '^^Br ( oC,2n) ^^Rb, ^"^Br ( «C,4n) 
81^^ 203^, , , 206^. , 205^. .^ - , 206^. 203^, , _ , 
Rb, Tl (oc ,n) Bi + Tl (c<.,3n) Bi, Tl {oC,n) 
20^Bi, 205^, (^^3^) 206^.^ 203^^ ^ ^^^n) ^OB^, ,. 205^^ 
(ex. 4n) 205^,^ 203^^ ^ ^^^n) ^'"^Bi, ' ' \ l (^.4n) ^OSg,^ 
203^, , , -, X 204„. 203^, , ^  . x 203„. 141^ .^ . 144^ Tl (oc,3n) Bi, Tl (c<,4n) Bi, Pr {<=<,n) Pm 
141 143 
and Pr (oc,2n) Pm have been measured experimentally 
using stacked foil activation technique. The excitation 
functions for the individual reactions Br ( od,2n) Rb, 
81„ , , A ^ 81^^ 203^, , , > 206^. 205^, , ^ , 206^. Br (o^,4n) Rb, Tl ( oC,n) Bi, Tl (oc,3n) Bi, 
203^, / _, n ^  205„. ^ 205_T , ^  . , 205„. , , 
Tl ( c< ,2n) Bi and Tl ( c< ,4n) Bi have been 
deduced using theoretical calculations from the respective 
composite reactions Br (c<,2n) Rb + Br (o6,4n) Rb, 
20\l (o4,n) 2O63. ^ 205^^ (^^3^^ 2O63. ^^^ 203^^ ^^^^n) 
Bi + Ti (o<.,4n) Bi, as the product nuclide is same. 
But m the case of Br (o^,n) Rb + Br (oC,3n) Rb no 
separate cross-sections could be deduced because of no 
provision of isomeric state cross-section calculation in the 
ALICE/LIVERMORE-82 Code. Experiments have been carried out 
using the alpha-beams of Variable Energy Cyclotron Centre 
(VEGC) Calcutta, India. 
Tn the present work various reactions induced by alpha 
. , 103„^ 127^ 133^ 79,81„ 203,205^, particles on Rh, I, Cs, Br, Tl and 
141 
Pr V'/ere measured by detecting the characteristic gamma-
rays obtained from the decay of Ag, Cs, La, Rb, Bi and Pm 
residual nuclides respectively. The partial decay scheme of 
the residual nuclides are given in figures 2.7 - 2.21. The 
typical gamma-ray spectra • of targets irradiated by alpha 
particle beam at particular energy are shown in Figs. 2.22 -
2.26. 
2.6.1 Target Nucleus Rh 
103 The excitation functions for the reactions Rh ( ,n) 
106m, 103^^ / _y o A 105, ^ 103^, , , -, , 104, 
Ag, Rh (c<,2n) Ag and Rh (c<,3n) Ag have 
been measured experimentally in the energy range from 13.59j^ 
0.62 MeV to 39.8 8 + 0.5 6 MeV. 
In the case of {oL ,n) reaction, the Q-value is -6.7 
MeV. Tn this reaction, two isomers of Ag are produced 
having half-lives 8.4 days and 24.1 min. To study this 
reaction,, we followed the gamma-rays of 430 KeV, 451 KeV, 
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616 KeV, 717 KeV, 748 KeV, 804 KeV, 825 KeV, 1046 KeV and 
1128 KeV energy corresponding to 8.4 days isomeric state. 
In this reaction only isomeric state cross-sections have 
been measured because the 24.1 min. ground state decays only 
through 512 KeV gamma-rays which always interfere with the 
annihilation peak of 511 KeV gamma-rays hence excluded. The 
weighted average cross-section corresponding to various 
gamma-rays at different energies are given in Table 2.7(b). 
In the case of (o^,2n) reaction, the Q-value is -14.70 
MeV. In this reaction, tv/o isomers of Ag are also 
produced having their half-lLves 41.3 days and 7.2 min. To 
study this reaction we followed the gamma-rays of 281 KeV, 
345 KeV, 443 KeV, 645 KeV and 1088 KeV energies correspond-
ing to the decay of 41.3 days ground state of Ag. The 
gamma-ray of 319 KeV corresponding to the isomeric state of 
Ag with half-life 7.2 min, was allowed to decay to the 
ground state of Ag (with 99.7 % of isomeric transition), 
for enough time about ten half-lives of isomeric state)-
until all the isomeric transitions are decayed to ground 
state of Ag so that the total cross-section could have 
been measured. The weighted average cross-sections are 
given in Table 2.8(b). 
In the case of ((X,3n) reaction, the Q-value is -24.50 
104 MeV. In this reaction, two isomers of Ag are produced 
oii 
having half-lives 33.5 min. and 1.15 hours. To study this 
reaction we followed the gamma-rays of 444 KeV, 624 KeV, 
741 KeV, 768 KeV, 858 keV, and 942 KeV corresponding to the 
104 decay of the ground state of Ag with half-life 1.15 
hours, while 1238 KeV gamraa-r,5.y corresponding to 3 3.5 min. 
half-life was followed for the isomeric state cross-section 
measurement. The total measured cross-sections at different 
incident alpha-particle energy has also been shown in Table 
2.9(b). 
127 2.6.2 Target Nucleus I 
127 The excitation functions for the reactions I (o<,2n) 
129 127 127 
Cs, I ( o<.,4n) Cs have been measured experimentally 
in the energy range from 18.06 + 0.57 MeV to 49.93 + 0.53 
MeV. 
In the case of ( X ,2n) reaction, the Q-value is -15.3 
MeV. To study this reaction we followed the gamma-rays of 
177 keV, 279 keV, 318 eV, 372 keV, 412 keV, 549 keV and 
589 KeV energy corresponding to 1.34 days half-life. The 
weighted average cross-section corresponding to different 
gamma-rays at different energies are given in Table 2.10(b). 
In the case of (c< ,4n) reaction, the Q-value is -32.6 
MeV. To study this reaction we followed the gamma-rays of 
125 keV, 321 keV, 412 keV, 462 keV, 1197 keV and 1307 keV 
energy corresponding to 6.25 hours half-life. The weighted 
I) 1 
average cross-section corresponding to various gamma-rays at 
diffeent energies are given in Table 2.11(b). 
In the present measuremesnt, excitation function for 
""•-^I (oC,n) •'"^ "cs, """^"^I (oi,3n) -"-^ C^s reactions could not be 
measured due to short half-lives of the product nuclei. 
However, the residual nuclei produced in these reactions are 
also involved in the successive evaporation chain of the 
other reactions for which excitation functions are measured 
presently. 
2.6.3 Target Nucleus Cs 
133 The excitation functions for the reactions Cs{oC, 2n) 
La and Cs ( c>C,4n) La have been measured experimen-
tally in the energy range from 18.06 + 0.57 MeV to 47.50 +_ 
0.5 3 MeV. 
In the case of (o<,2n) reaction, the Q-value is -15.0 
MeV. To study this reaction we followed the gamma-ray of 
481 KeV energy correspoding to 19.48 hours half-life. The 
weighted average cross-section corresponding to the above 
gamma-ray at different energies are given in Table 2.12(b). 
Tn the case of (oC,4n) reaction the Q-value is -32.5 
MeV. To study this reaction we followed the gamma-rays of 
279 KeV, 302 KeV, 565 KeV, 618 KeV, 622 KeV, 846 KeV energy 
corresponding to 3.90 hours half-life. The weighted average 
cross-section corresponding to various gamma-rays at 
different energies are given in Table 2.13(b). 
In the present measurement the excitation functions 
133^ ,^ , 136^ , 133CS {(>(.,3n) , ^  .La reaction for Cs (o<.,n) La and 134 
could not be measured due to short half-lives of the product 
nuclei. However, the residual nuclei produced in these 
reactions are also involved in the successive evaporation 
chain of the other reactions for which excitation functions 
are measured presently. 
79 81 2.6.4 Target Nucleus ' Br 
79 The excitation functions for the reactions Br ( oc,n) 
82m^^ 81„ / w o ^ 82m„, ^ 7 9 ^ / ^  o ^ 81^, ^ 81_, Rb + Br ( o<,3n) Rb and Br { cX,2n) Rb + Br 
( c</4n) Rb have been measured experimentally in the energy 
range from 11.93 + 0.68 MeV to 49.85 + 0.57 MeV. 
-•- i 1 jr 79„ , . , 82m_, 81„ / . -. ^ 82m„, In the case of Br ( c<, n) Rb + Br (o<.,3n) Rb 
pair, reactions could not be deduced because of non-
availability of isomeric state theoretical cross-section 
calculations. The Q-value of this reaction are -5.5 MeV and 
-2 3.6 MeV. To study this reaction we followed the gamma-
rays of 554 keV, 619 keV, 648 keV, 777 keV, 1008 keV, 1044 
keV, 1317 keV and 1475 keV energy corresponding to 6.47 
hours half-life. The weighted average cross-section corres-
ponding to the above gamma-ray at different energies are 
given in Table 2.14(b). 
Tn the case of "^ B^r («:,2n) ^^Rb + "^^ Br ( o^  , 4n) ^^Rb 
reaction the Q-value is -14.4 MeV and -32.4 MeV. To study 
this reaction we followed the gamma-rays of 19 0 keV and 446 
keV energy corresponding to 4.58 hours half-life. The 
weighted average cross-section corresponding to the above 
gamma-rays at different energies are given in Table 2.15(b). 
7 Q 81 
In the case of Br ( o<. , 2n) Rb reaction the Q-value 
is -14.4 MeV. To study this reaction we followed the gamma-
rays of 190 keV, and 446 keV energies corresponding to 4.58 
hours half-life. The weighted average cross-section corres-
ponding to the above gamma-rays at different energies are 
given in Table 2.16(b). 
81 81 
Tn the case of Br {oC,4n) Rb reaction the Q-value 
is -32.4 MeV. To study this reaction we followed the gamma-
rays of 190 keV and 446 keV energy corresponding to 4.58 
hours half-life. The weighted average cross-section 
corresponding to the above gamma-rays at different energies 
are given in Table 2-17(b). 
7 9 81 
The excitation functions for Br ( txL,2n) Rb and 
81 81 
Br (c< ,4n) Rb have been deduced using theoretical 
calculations from the combined reaction of Br ( o<.,4n) Rb 
+ ^^Br (o<.,4n) ^-"-Rb. 
f) i 
2.6.5 Target Nucleus '^^^' ^°^T1 
203 The excitation functions for the reactions Tl 
(oC.n) 20^3^ , 205^^ ^ ^ ^ 3 ^ ^ 2063.^ 203^^ ^^^^n) ^OSg^ , 
2"^1 :oC.4n) 2'^ '^ Bi, 2^3 Tl (C<,3n) ^043, ^^^ 203^, 
203 ( o<,4n) Bi have found measured experimentally m the 
energy range from 22.29 + 0.70 MeV to 49.76 + 0.61. 
In the case of '^^ T^l ( o<,n) ^°^Bi + ^°^T1 (oC,3n) 
^^^Bi reaction the Q-values are -11.3 MeV and -25.5 MeV. 
To study this reaction we followed the gamma-rays of 
344 keV, 497 keV, 537 keV, 803 keV. 881 keV, 1019 keV, 
1098 keV and 1719 keV energy corresponding to 6.24 days 
half-life. The weighted average cross-section correspond-
ing to the above gamma-rays at different energies are 
given in Table 2.18(b). 
Tn the case of Tl ( (K ,n) Bi reaction the 
Q-value is -11.3 MeV. To study this reaction we followed 
the gamma-rays of 344 keV, 497 keV, 537 keV, 803 keV, 
881 keV, 1019 keV, 1098 keV and 1719 keV energy corres-
ponding to 6.24 days half-life. The weighted average 
cross-sections corresponding to the above gamma-rays at 
different energies are given in Table 2.19(b). 
'y f\ c 0 0^ 
Tn the case of Tl ( c<.,3n) ' Bi reaction the 
Q-value is -25.5 MeV. To study this reaction we followed 
the gamma-rays of 344 keV, 497 keV, 537 keV, 803keV, 881 
keV, 1019 keV, 1098 keV and 1719 keV energy corresponding 
to 6.24 days half-life. The weighted average cross-
sections corresponding to the above gamma-rays at 
different energies are given in Table 2.20(b). 
2 03 2 nfi 
The excitation functions for Tl (OC,n) Bi and 
205 206 (10) 
Tl (od,3n) Bi have been deduced using theoretical 
203 
calculations from the combined reaction of Tl (Od.,n) 
206^. 205^, / , o X 206„. Bi + Tl ( oi, 3n) Bi. 
Tn the case of ^°^T1 (oC,2n) ^^^Bi + ^°^T1 (c?C,4n) 
__j.Bi reaction the Q-values are -18.4 MeV and -32.6 MeV. 
To study this reaction we followed the gamma-ray of 704 
keV energy corresponding to 51.31 days half-life. The 
weighted average cross-section corresponding to the above 
gamma-ray at different energies is given in Table 2.21(b). 
4-u c 203^^ , . „ , 205„. Tn the case of Tl (oC,2n) Bi reaction the 
Q-value is -18.4 MeV. To study this reaction we followed 
the gamma-ray of 704 keV energy corresponding to 15.31 
days half life. The weighted average cross-section 
corresponding to the above gamma-ray at different energies 
is given in Table 2.22(b). 
20^^ 205 
Tn the case of "'Tl ( oC, 4n j Bi reaction the 
Q-value is -32.6 MeV. To study this reaction we follovi^ed 
the gamma-ray of 704 keV energy corresponding to 15.31 
days half-life. The weighted average cross-section 
corresponding to the above gamma-ray at different energies 
are given in Table 2.23(b). 
o n o *? n R 
The excitation functions for Tl ( oC / 2n) Bi 
^ 205^, , . . , 205„. ^ , , , ^(lO) 
and Tl ( o<, ,4n) Bi have been deduced using 
theoretical calculations from the combined reaction of 
203„, , , o N 205„. 205^, , . ^ , 2C5„. Tl (o<.,2n) Bi + Tl (oC,4n) Bi. 
203 204 
In the case of Tl ( c<,,3n) Bi reaction the 
Q-value is -27.4 MeV. To study this reaction we followed 
the gamma-rays of 375 keV, 671 keV and 948 keV energy 
corresponding to 11.20 hours half-life. The weighted 
average cross-section corresponding to the above gamma-
rays at different energies are given in Table 2.24(b). 
203 203 
Tn the case of Tl ( oC,4n) Bi reaction the 
Q-value is -34.0 MeV. To study this reaction we followed 
the gamma-ray of 820 keV energy corresponding to 11.76 
hours half-life. The weighted average cross-section 
corresponding to the above gamma-ray at different energies 
are given in Table 2.25(b). 
1 41 2.6.6 Target Nucleus Pr 
The excitation functions for the reactions Pr 
144 141 143 
( oC,n) Pm and Pr ( o<,2n) Pm h^ve been measured 
experimentally In the energy range from 18.71 +_ 0.94 MeV 
to 44.5 7 + 0.72 MeV. 
141 144 
In the case of Pr { oL ,n} Pm reaction the 
Q-value is -10.3 MeV. To study this reaction we followed 
the gamma-rays of 477 keV, 618 keV and 697 keV energy 
corresponding to 363 days half-life. The weighted average 
cross-section corresponding to the above gamma-rays at 
different energies are given in Table 2.26 (b) . 
141 143 
Tn the case of Pr ( <?^ ,2n} Pm reaction, the 
Q-value is -16.8 MeV. To study this reaction we followed 
the gamma ray of 742 keV energy corresponding to 265 days 
half life. The weighted average cross-section correspond-
ing to the above gamma-rays at different energies are 
given in Table 2.27(b). 
Tn the present measurement alpha induced reaction 
cross-sections have been calculated by using the following 
expression 
A X exp (At-, ) 
No<i)( £ G) 0 K [ l-exp(-At J ) ] [ l-exp( -At3 ) ] 
V7here A is the total number of counts under the photopeak 
of characteristic -v-rays, recorded in time t-, is the 
decay constants.of the product nucleus. No is the number 
r> i 
of nuclei of the isotope under investigation, present in 
the sample, CD is the average flux of the incident, oC-
particle beam, (^G) is the geometry dependent efficiency 
of the detector, is the absolute intensity of the charac-
teristic "V -ray, K is the coi'rection for the self-
absorption of gamma ray in the sample, tj^  is the time of 
irradiation, t„ is the time elapsed between stop of 
irradiation and start of counting and T: is the counting 
time. 
In the following Tables 2.7 - 2."2.7the numerical 
values of the parameters used for the present activation 
cross-sections measvirements are listed. The weighted 
average measured cross-sections have been listed in the 
last column of each Table. 
r) 
Table 2.7(a) 
^ 103„^, . , 106m, Activation crosssection for Rh(oC,n) Ag 
\ = 9-5486 X 10^ sec"^ 
t = 4932 Sec 
No = 4.01678 X lO""^ ^ 
f 11 2 - 6.7562 X 10 oC-particles/cm —Sec 
e 
(MeV) (keV) (mb) (mb) 
13.59 + 0.62 616 0.217 0.0084 
18.92 + 0.59 430 0.131 0.0114 
430 0.131 0.0210 
451 0.276 0.0109 
451 0.276 0.0200 10160 
616 0.217 0.0145 
717 0.291 0.0074 
717 0.291 0.0120 
748 0.204 0.0071 
748 0.204 0.115 
824 0.153 0.0053 
824 0.153 0.0105 
1128 0.117 0.0047 
1128 0.117 0.0085 
1470 
3789 
5025 
6517 
.01
5859 
4362 
7373 
3063 
4402 
2036 
3336 
1356 
2627 
46.00 
173.00 
149.00 
148.00 
150.00 
152.00 
138.00 
172.00 
144.00 
153.00 
171.00 
170.00 
168.00 
216.00 
46.OC 
161.85 
contd. 
oc 
(Mev) (keV) e 
£ G 
(mb) (mb) 
2 4 . 6 6 + 0 . 5 9 
2 9 . 6 1 + 0 . 5 7 
3 5 . 0 1 + 0 . 5 7 
3 9 . 8 8 + 0 . 5 6 
430 
451 
616 
616 
717 
717 
748 
824 
1046 
1046 
1128 
451 
451 
616 
717 
824 
1128 
616 
1128 
717 
804 
824 
1128 
0.131 
0.276 
0.217 
0.217 
0.291 
0.291 
0.204 
0.153 
0.299 
0.299 
0.117 
0.276 
0.276 
0.217 
0.291 
0.153 
0.117 
0.217 
0.117 
0.291 
0.125 
0.153 
0.117 
0.0114 
0.0200 
0.0084 
0.0145 
0.0074 
0.0120 
0.0115 
0.0053 
0.0050 
0.0050 
0.0047 
0.0047 
0.0200 
0.0145 
0.0120 
0.0026 
0.0085 
0.0145 
0.0085 
0.0120 
0.0110 
0.0105 
0.0085 
708 
1140 
8609 
880 
849 
708 
552 
350 
576 
576 
294 
257 
513 
495 
316 
112 
091 
151 
84 
43 
66 
83 
83 
30.00 
24.00 
30.00 
33.00 
25.00 
24.00 
27.00 
28.00 
24.00 
24.00 
34.00 
11.00 
11.00 
18.00 
11.00 
15.00 
11.00 
6.00 
10.00 
7.00 
8.00 
8.00 
13.00 
2 7 . 5 5 
1 2 . 8 3 
. 00 
9 . 0 0 
' ! 
T a b l e - 2 . 7 ( b ) 
1 0 3 „ ^ , ,^ , 106m, 
(MeV ' C r o s s - s e c t i o n 
(mb) 
1 3 . 5 9 + 0 . 6 2 4 6 . 0 0 + 2 . 5 0 
1 8 . 9 2 + 0 . 5 9 1 6 1 . 8 5 + 1 . 4 1 
2 4 . 6 6 + 0 . 5 9 2 7 . 5 5 + 0 . 6 9 
2 9 . 5 1 + 0 . 5 7 1 2 . 8 3 + 1 .80 
3 5 . 0 1 + 0 . 5 7 8 . 0 0 ± 1 .27 
3 9 . 8 8 + 0 . 5 6 9 . 0 0 + 1 . 0 9 
' l ^ 
T a b l e 2 . 8 {a) 
M: 1 0 3 „ ^ , . ^ , 1 0 5 , A c t i v a t i o n c r o s s s e c t i o n f o r R h ( o C , 2 n ) Ag 
7 „ - 1 A = 1 . 9 4 2 6 X 1 0 ' Sec 
t , = 4932 S e c 
No = 4 . 0 1 6 7 8 X lO-*^^ 
t 1 1 2 = 6 . 7 5 6 2 X 10 o C - p a r t i c l e s / c m — S e c 
Eoc E : } G G A (Tr (Tr 
(MeV) (keV) ^ (mb) (mb) 
18.92 + 0.59 281 0.310 0.0164 4509 318.00 
0.0320 8004 294.00 
0.0138 4805 291.00 
0.0260 9140 299.00 
0.011 935 279.00 
0.0205 1606 264.00 
281 
345 
345 
443 
443 
645 
088 
281 
281 
345 
443 
645 
345 
443 
 
0 
0 
0 
0, 
0, 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
.310 
.428 
.428 
.108 
.108 
.101 
.036 
.310 
,310 
,428 
108 
101 
428 
108 
0.0081 770 338.00 
0.0048 136 283.00 
24.66 + 0.59 31 0.0164 12429 876.00 
0.0320 14696 1079.00 
0.0260 16629 1089.00 
0.0205 3084 1015.00 
0.0135 2035 1090.00 
29.61 + 0.57 0.0260 16005 1048.00 
0.0205 3023 994.00 
295.75 
1029.80 
contd.... 
EoC 
(MeV) 
35.01 + 0.57 
39.88 + 0.56 
E ; 
(keV) 
645 
645 
1088 
281 
281 
345 
443 
443 
645 
1088 
281 
345 
443 
645 
1088 
0 
0.101 
0.101 
0.036 
0.310 
0.310 
0.428 
0.108 
0.108 
0.101 
0.036 
0.310 
0.428 
0.108 
0.101 
0.036 
£ G 
0-0035 
0.0135 
0.0020 
0.0070 
0.0320 
0.0260 
0.0047 
0.0205 
0.0035 
0.0020 
0.0320 
0.0260 
0.0205 
0.0135 
0.0085 
A 
1048 
1935 
219 
2170 
3368 
3728 
4510 
725 
188 
56 
1545 
1770 
315 
219 
72 
(Tv 
(mb) 
721.00 
1034.00 
731.00 
241.00 
247.00 
244.00 
213.00 
238.00 
296.00 
282.00 
113.00 
116.00 
104.00 
117.00 
172.00 
tfT 
(mb) 
905.60 
265.86 
124.40 
T a b l e 2 . 8 ( b ) 
E^ ^ ' \ h ( cC,2n) l ° l . g 
(MeV) C r o s s - s e c t i o n 
(mb) 
18.92 + 0.59 295.75 + 15.12 
24,66 + 0.59 1029.80 + 9.82 
29-61 + 0.57 905.60 + 46.01 
35.01 + 0.57 265.86 + 9.07 
39.88 + 0.56 124.40 + 10.03 
Table 2.9(a) 
/ .) 
Activation crosssection for Rh(oC,3n) Ag 
X= 1.6696 X I0'*(lso) & 3.4478 x l'o^(ground) SeC 
-1 
t^ = 4932 Sec 
No = 4.01678 X 10 18 
^ 
11 2 
= 6.7562 X 10 oC-particles/cm — Sec 
E«^ 
(MeV) 
29.61 + 0.57 
35.01 + 0.57 
39.88 + 0.56 
E? 
(keV) O 
443 
741 
767 
941 
1238(g) 
443 
623 
767 
941 
1238(g) 
443 
741 
767 
941 
1238(g) 
0.019 
0.069 
0.659 
0.252 
0.026 
0.019 
0.025 
0.659 
0.252 
0.026 
0.019 
0.069 
0.659 
0.252 
0.026 
ec 
0.0047 
0.0030 
0.0029 
0.0023 
0.0018 
0.0047 
0.0036 
0.0029 
0.0023 
0.0018 
0.0047 
0.0030 
0.0029 
0.0023 
0.0018 
A 
4533 
9328 
82663 
24402 
669 
4510 
4537 
96340 
29610 
458 
9132 
20831 
177586 
56175 
829 
<r? 
(rob) 
89.00 
80.00 
70.00 
74.00 
73.00 
312.00 
316.00 
317.00 
316.00 
629.00 
438.00 
438.00 
405.00 
415.00 
606.00 
< 5 ? - <Sr 
isG-r (g) (mb) 
(mb) 
80.00 
153.00 
73.00 
315.00 
944.00 
629.0 
424.00 
1030.00 
606.00 
Table 2.9(b) 
Eo6 "^ °"^ Rh (o<.,3n) ^°^Ag 
(MeV) Cross-section 
(mb) 
29.61 + 0.57 153.00 + 7.92 
35.01 + 0.57 944.00 + 3.90 
39.88 + 0.56 1030.00 + 68.09 
I I 
T a b l e 2 . 1 0 ( a ) 
127 129 
A c t i v a t i o n c r o s s s e c t i o n f o r I ( o C , 2 n ) Cs 
A = 5 . 9 8 5 7 X 10^ Sec ^ 
t , = 7308 S e c 
No = 1 . 2 8 3 3 2 X lO"""^  
^ 
11 2 
= 8 . 0 4 0 3 5 X 10 O S , - p a r t i c l e s / c m — S e c 
Eoc E ^ €.G A CTr ( 5 ^ 
(MeV) (keV) ® (mb) (mb) 
1 8 . 0 6 + 0 . 5 7 
1 9 . 7 8 + 0 . 5 6 
2 1 . 3 9 + 0 . 5 6 
2 4 . 2 6 + 0 . 5 6 
2 6 . 8 7 + 0 . 5 5 
30.37 + 0.55 
3 3 . 6 3 + 0 . 5 4 
3 6 . 6 8 + 0 . 5 4 
372 
549 
372 
549 
372 
549 
372 
549 
372 
549 
372 
549 
372 
549 
372 
549 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.303 
0.034 
i 
0.026 
0.018 
0.026 
0.018 
0.026 
0.018 
0.026 
0.018 
0.026 
0.018 
0.026 
0.018 
0.026 
0.018 
0.026 
0.018 
V" . 
38072 
2632 
177609 
12452 
294718 
20615 
340599 
22893 
352956 
24488 
487425 
32682 
222627 
14855 
87841 
6161 
144.99 
130.39 
642.48 
594.77 
1089.70 
991.52 
1244.08 
1087.75 
1276.61 
1152.43 
1437.97 
1254.22 
672.85 
584.03 
266.92 
243.53 
136 
618 
1040 
1165 
1214. 
1346, 
628. 
255. 
contd.. 
.69 
.62 
.61 
.92 
.67 
.10 
44 
23 
/ ) 
(MeV) (keV) e 
ec 
(mb) 
6r 
(mb) 
39.57 + 0.54 
42.36 + 0.54 
44.99 + 0.53 
47.50 + 0.53 
49.93 + 0.53 
372 
549 
372 
549 
372 
549 
372 
549 
372 
549 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.308 
0.034 
0.026 
0.018 
0.013 
0.009 
0.003 
0.002 
0.003 
0.002 
0.003 
0.002 
51643 
3457 
2123 
980 
4509 
455 
2014 
299 
2160 
225 
199.95 
174.11 
125.44 
72.70 
66.04 
85.78 
43.42 
81.75 
44.45 
58.72 
187.03 
99.57 
75.91 
62.59 
51.59 
r.} 
T a b l e 2 . 1 0 ( b ) 
Eo4 I ( oC,2n) Cs 
(MeV) Cross-section 
(mb) 
1 8 . 0 6 + 0 . 5 7 1 3 6 . 7 + 1 7 . 6 
1 9 . 7 8 + 0 . 5 6 6 1 8 . 6 + 7 4 . 4 
2 1 . 3 9 + 0 . 5 6 1 0 4 0 . 6 + 1 2 3 . 9 
2 4 . 2 6 + 0 . 5 6 1 1 6 5 . 9 + 1 3 8 . 5 
2 6 . 8 7 + 0 . 5 5 1 2 1 4 . 7 + 1 4 4 . 2 
3 0 . 3 7 + 0 . 5 5 1 3 4 6 . 1 + 1 5 9 . 2 
3 3 . 6 3 + 0 . 5 4 6 2 8 . 4 + 7 5 . 3 
3 6 . 6 8 + 0 . 5 4 2 5 5 . 2 + 3 1 . 6 
3 9 . 5 7 + 0 . 5 4 1 8 7 . 0 + 2 4 . 6 
4 2 . 3 6 + 0 . 5 4 9 9 . 6 + 1 8 . 0 
4 4 . 9 9 + 0 . 5 3 7 5 . 9 + 1 8 . 5 
4 7 . 5 0 + 0 . 5 3 6 2 . 6 + 1 9 . 9 
4 9 . 9 3 + 0 . 5 3 5 1 . 6 + 2 1 . 3 
Table 2.H(a) 
122 127 
Activation crosssection for I(oC,4n) Cs 
•;;5 „_ - i X = 3.08 X 10 Sec 
t^ = 7308 r.ec 
No = 1.28332 X 10^^ 
f 11 2 = 8.04035 X 10 oC-particles/cm —Sec 
:MeV) (keV) ^ (mb) (mb) 
39.57 + 0.54 125 0.156 0.0575 198957 104.96 104.96 
42.36 + 0.54 125 0.156 0.0300 219963 281.85 281.85 
44.99 + 0.53 125 0.156 0.007 241503 636.49 636.49 
47.50 + 0.53 125 0.156 0.007 195267 839.01 839.01 
49.93 + 0.53 125 0.156 0.007 316749 821.50 821.50 
' > ( 
T a b l e 2 . 1 1 ( b ) 
1 2 7 ^ , _ . . > 1 2 7 ^ Eo(_ I (C<.,4n) Cs 
(MeV) C r o s s - s e c t i o n 
(mb) 
3 9 . 5 7 + 0 . 5 4 1 0 5 . 0 + 1 7 . 7 
4 2 . 3 6 + 0 . 5 4 2 8 1 . 9 + 4 1 . 1 
4 4 . 9 9 + 0 . 5 3 6 3 6 . 5 + 9 2 . 5 
4 7 . 5 0 + 0 . 5 3 8 3 9 . 0 + 1 2 3 . 8 
4 9 . 9 3 + 0 . 5 3 8 2 1 . 5 + 1 2 8 . 7 
Table 2.12(a) 
Activation crosssection for Cs(cC/2n) La 
•:t5 _ - 1 
A = 9.7222 X 10 ' Sec 
t, = 7308 Sec 
No = 1.28337 X lO-*^ ^ 
^ 
= 8.04035 X 10"^^c<-particles/cm^'- Sec 
(MeV) 
18.06 
19.78 
21.39 
24.26 
26.87 
30.37 
33.63 
36.68 
39.57 
42.36 
44.99 
47.50 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0.57 
0.56 
0.56 
0.56 
0.55 
0.55 
0.54 
0.54 
0.54 
0.54 
0.53 
0.53 
(keV) 
481 
481 
481 • 
481 
481 
481 
481 
481 
481 
481 
481 
481 
e 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
0.0154 
€:G 
0.0205 
0.0205 
0.0205 
0.0205 
0.0205 
0.0205 
0.0205 
0.0205 
0.0205 
0.0104 
0.00285 
0.00285 
A 
1847 
8798 
157 09 
18106 
19329 
10311 
5211 
4867 
2792 
1127 
566 
302 
(5? 
(mb) 
118.68 
545.05 
961.33 
1098.97 
1154.78 
500.05 
259.32 
241.90 
173.93 
107.90 
125.86 
98.73 
(mb) 
118.68 
545.05 
961.33 
• 1098.97 
1154.78 
500.05 
259.32 
241.90 
173.93 
107.90 
125.86 
98.73 
>)u 
T a b l e 2 . 1 2 ( b ) 
1 3 3 ^ , ^ „ , 1 3 5 , EoC Cs(C>C,2n) La 
(MeV) C r o s s - s e c t i o n 
(mb) 
1 8 . 0 6 + 0 . 5 7 1 1 8 . 7 + 1 7 . 7 
1 9 . 7 8 + . 5 6 5 4 5 . 1 + 7 0 . 3 
2 1 . 3 9 + 0 . 5 6 9 6 1 . 3 + 1 2 0 . 0 
2 4 . 2 6 + 0 . 5 6 1 0 9 8 . 8 + 1 2 6 . 4 
2 6 . 8 7 + 0 . 5 5 1 1 5 4 . 8 + 1 3 3 . 5 
3 0 . 3 7 + 0 . 5 5 5 0 0 . 1 j ^ 5 7 . 8 
3 3 . 6 3 + 0 . 5 4 2 5 9 . 3 + 3 7 . 1 
3 6 . 6 8 + 0 . 5 4 2 4 1 . 9 + 3 4 . 5 
3 9 . 5 7 + 0 . 5 4 1 7 3 . 9 + 2 8 . 8 
4 2 . 3 6 + 0 . 5 4 1 0 7 . 9 + 2 5 . 6 
4 4 . 9 9 + 0 . 5 3 1 2 5 . 9 + 4 1 . 2 
4 7 . 5 0 + 0 . 5 3 9 8 . 7 + 4 7 . 9 
^ 1 
Table 2.13(a) 
133 135 
Activation crosssection for Cs(oC,4n) La 
";,5 _ -1 ^= 4.9208 X 10 Sec 
t, = 7308 Sec 
No = 1.28337 X lO-"^ ^ 
^ 
= 8.04035 X 10 c<.-particles/cm - Sec 
EoC E^ 6.G A (Tr c<^ 
(MeV) (keV) ^ (mb) (mb) 
39.57 J2 0.54 846 0.0048 0.0110 2354 288.42 288.42 
42.36 + 0.54 846 0.0048 0.0062 2631 457.00 457.00 
44.99 + 0.53 846 0.0048 0.0016 3180 1156.59 1156.59 
47.50 + 0.53 846 0.0048 0.0016 3361 1684.35 1684.35 
^ . ; 
T a b l e 2 . 1 3 ( b ) 
133^ , ^ , , 133, EbC Cs ( 0 6 , 4n) La 
(MeV) Cross-section 
(mb) 
3 9 . 5 7 + 0 . 5 4 2 8 8 . 4 + 4 3 . 8 
4 2 . 3 6 + 0 . 5 4 4 5 7 . 0 + 6 8 . 9 
4 4 . 9 9 + 0 . 5 3 1 1 5 6 . 6 + 1 6 7 . 2 
4 7 . 5 0 + 0 . 5 3 1 6 8 4 . 4 + 2 4 0 . 7 
^o 
Table 2.14(a) 
Activation cross-section for 
^^Br (oC,n) «2m^b -f « V (c^,3n) ^^ m^ b^ 
A - 2.8378 X 10~^ Sec"-^  
t, = 7500 Sec 
No = 1.49764 X i (!« 
<P = 35.6253 X 10^^ <?C-particles/cm^ - Sec 
2.05 
EoC E^ €;G A OTr CJl^  
(MeV) (keV) ^ (mb) (mb) 
11.93 + 0.68 554 0.63 0.0025 1418 1.88 
619 0.38 0.0023 758 1.88 
698 0.26 • 0.002L 610 2.42 
777 0.85 0.0019 1308 1.75 
1008 0.07 0.0015 200 3.61 
1044 0.32 0.0015 415 1.87 
1317 0.24 0.0013 314 2.18 
1475 0.16 0.0012 129 0.83 
16.11 + 0.65 554 0.63 0.0026 35847 137.68 
619 0.38 0.0023 20041 144.26 
698 0.26 0.0021 12329 142.06 
777 0.85 0.0019 36155 140.84 
1008 0.07 0.0015 2332 122.26 
1044 0.32 0.0015 9750 127.79 
1317 0.24 0.0013 6407 129.19 
1475 0.16 0.0ni2 3216 105.37 
131.li 
contd.. 
>> ; 
(MeV) 
E9 
(keV) e 
G.G 
(mb) 
err 
(mb; 
1 9 . 6 5 + 0 . 6 3 
22.80 + 0.62 
2 5 . 6 5 + 0 . 6 1 
554 
619 
698 
111 
1008 
1044 
1317 
1475 
554 
619 
698 
111 
1008 
1044 
1317 
1475 
554 
619 
698 
777 
1008 
1044 
1317 
1475 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.0026 
0.0023 
0.0021 
0.0019 
0.0015 
0.0015 
0.0013 
0.0012 
0.0026 
0.0023 
0,0021 
0.0019 
0.0015 
0.0015 
0.0013 
0.0012 
0.0026 
0.0023 
0.0021 
0.0019 
0.0015 
0.0015 
0.0013 
0.0012 
49941 
28399 
17243 
51541 
3133 
13215 
8672 
4138 
21088 
12001 
7475 
21743 
1394 
6056 
3846 
1873 
9051 
5566 
3812 
9526 
595 
2945 
1580 
780 
183.51 
195.56 
190.08 
192.09 
172.f 
157.15 
165.71 
167.30 
129.72 
74.26 
79.20 
78.97 
77.96 
72.1 
67.01 
72.77 
71.10 
56.27 
29.83 
34.37 
37.68 
31.84 
26.76 ^^-^^ 
33.12 
29.06 
21.93 
contd.. 
^.^ 
EoC 
(MeV) 
2 8 . 3 1 + 0 . 6 0 
E ^ 
(keV 
554 
619 
698 
111 
1008 
1044 
1317 
1475 
Q 
0 . 6 3 
0 . 3 8 
0 . 2 6 
0 . 8 5 
0 . 0 7 
0 . 3 2 
0 . 2 4 
0 . 1 6 
€ G 
0 . 0 0 2 6 
0 . 0 0 2 3 
0 . 0 0 2 1 
0 . 0 0 1 9 
0 . 0 0 1 5 
0 . 0 0 1 5 
0 . 0 0 1 3 
0 . 0 0 1 2 
A 
8087 
4987 
3174 
8614 
577 
1509 
1497 
791 
CT? 
(mb) 
2 3 . 6 6 
2 7 . 3 5 
2 7 . 8 6 
2 5 . 5 7 
2 3 . 0 5 
1 5 . 1 0 
2 3 . 0 0 
1 9 . 7 5 
tfT 
( m b ) 
2 3 . 1 7 
\ -5 -1 '^'J 
A = 2.8378 X 10 ^ Sec 
t == 12900 Sec 
No = 1.49764 X ir]^ 
i = 16.5296 X 10^^ oC-particles/cm^ - Sec 
112.74 
Eoc E^ € G A CTr CJ^ 
e 
(MeV) (keV) (rub) (mb) 
30.28 + 0.60 554 0.63 0.0026 112647 110.39 
619 0.38 0.0023 63749 117.08 
698 0.26 0.0021 40246 118.31 
777 0.85 0.0019 116578 115.86 
1008 0.07 0.0015 8065 107.88 
1044 0.32 0.0015 37435 125.18 
1317 0.24 0.0013 21381 110.00 
1475 0.16 0.0012 11627 97.20 
32.97 + 0.59 554 0.63 0.0026 474378 238.64 
619 0.38 0.0023 261164 246.22 
698 0.26 0.0021 154351 248.03 
777 0.85 0.0019 474474 242.09 
1008 0.07 0.0015 32666 224.30 
1044 0.32 0.0015 139376 239.26 
1317 0.24 0.0013 87055 229.91 
1475 0.16 0.0012 55759 239.29 
238.43 
contd 
(MeV) (keV) (mb) (mb) 
35.21 + 0.59 554 0.63 0.0026 482798 269.64 
0.0023 268700 281.25 
0.0021 165650 277.55 
0.0019 484004 274.17 
268.40 
0.0015 32910 250.89 
0.0015 141649 269.97 
0.0013 88437 259.30 
0.0012 55504 264.46 
37.34 + 0.58 554 0.63 0.0026 446344 277.16 
0.0023 248494 289.17 
0.0021 152530 284.13 
0.0019 444749 280.09 
275.99 
0.0015 30325 257.03 
0.0015 130631 276.79 
0.0013 81346 265.18 
0.0012 52549 278.37 
40.29 + 0.58 554 0.63 0.0026 352551 243.49 
0.0023 197842 256.09 
0.0021 122062 252.91 
0.0019 353311 247.49 
246.31 
0.0015 24962 235.33 
0.0015 105006 247.49 
0.0013 64112 232.48 
0.0012 43310 255.20 
contd... 
619 
698 
777 
1008 
1044 
1317 
1475 
554 
619 
698 
777 
1008 
1044 
1317 
1475 
554 
619 
698 
777 
1008 
1044 
1317 
1475 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
• 1 I 
(MeV) (keV) e 
£ G 
(mb) (mb) 
4 3 . 0 9 + 0.5-7 
4 6 . 5 6 + 0 . 5 7 
4 9 . 8 5 + 0 . 5 7 
554 
619 
698 
777 
1008 
1044 
1317 
1475 
554 
619 
698 
777 
1008 
1044 
1317 
1475 
554 
619 
698 
777 
1008 
1044 
1317 
1475 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.63 
0.38 
0.26 
0.85 
0.07 
0.32 
0.24 
0.16 
0.0026 
0.0023 
0.0021 
0.0019 
0.0015 
0.0015 
0.0013 
0.0012 
0.0026 
0.0023 
0.0021 
0.0019 
0.0015 
0.0015 
0.0013 
0.0012 
0.0026 
0.0023 
0.0021 
0.0019 
0.0 015 
0.0015 
0.0013 
0.0012 
187283 
104963 
64600 
18839 
12523 
55585 
34032 
27130 
159318 
90195 
54788 
158860 
10788 
47210 
28997 
22925 
79222 
41625 
25138 
75198 
4782 
19841 
12991 
6139 
141.81 
148.96 
146.75 
144.65 
145.73 
129.44 
143.64 
135.29 
175.26 
141.90 
150.55 
146.39 
143.50 
145.84 
131.15 
143.48 
135.59 
174.19 
118.63 
116,82 
112.93 
114.21 
105.29 
97.74 
101.39 
102.13 
78.43 
Table 2.14(b) 
79„ , ^  , 82m ^ 81„ , ^ ^ 82m ^ Eoi_ Br(oC,n) Kb + Br(oC,3n,i Rb 
(MeV) Cross-section 
(mb) 
1 1 . 9 3 + 0 . 6 8 2 . 1 + 0 . 6 
1 6 . 1 1 + 0 . 6 5 1 3 1 . 2 + 1 7 . 9 
1 9 . 6 5 + 0 . 6 3 1 7 2 . 6 + 2 3 . 2 
2 2 . 8 0 + 0 . 6 2 7 2 . 2 + 1 0 . 3 
2 5 , 6 5 + 0 . 6 1 3 0 . 6 + 5 . 0 
2 8 . 3 1 + 0 . 6 0 2 3 . 2 + 4 . 0 
3 0 . 2 8 + 0 . 6 0 1 1 2 . 7 + 1 4 . 5 
3 2 . 9 7 + 0 . 5 9 2 3 8 . 4 + 2 9 . 1 
3 5 . 2 1 + 0 . 5 9 2 6 8 . 4 + 3 2 . 8 
3 7 . 3 4 + 0 . 5 8 2 7 6 . 0 jf 3 3 . 7 
4 0 . 2 9 + 0 . 5 8 2 4 6 . 3 + 3 0 . 3 
4 3 . 0 9 + 0 . 5 7 1 4 5 . 7 + 1 8 . 5 
4 6 . 5 6 + 0 . 5 7 1 4 5 . 8 + 1 8 . 8 
4 9 . 8 5 + 0 . 5 7 1 0 5 . 3 + 1 4 . 2 
: j 4 
Table 2.15(a) 
7Q ft! 81 fi 1 
Vctivation crosssection for Br(oC,2n) Rb + Br (oC,4n) Rb 
::5 „ ~l A = 3.8758 X 10^ Sec 
t, = 7500 Sec 
1 R 
No = 1.49764 X 10 
•J- 11 2 = 35.6253 X 10 oC-particles/cm —Sec 
Eo(. 
(MeV) 
E ^ 
(keV) e 
£ G A (Tr 
(mb) 
(Tr 
(mb) 
9.65 + 0.63 190 0.643 0.0063 90468 164.91 
446 0.233 0.0031 13325 136.23 
2.80 + 0.62 190 0.643 0.0063 226229 389.10 
446 0.233 0.0031 33893 326.93 
5.65 + 0.61 190 0.643 0.0063 316667 497.42 
446 0.233 0.0031 47220 415.99 
8.31 + 0.60 190 0.643 0.0063 2733579 372.55 
446 0.233 0.0031 41718 318.61 
150.57 
358.02 
456.71 
345.5! 
.11 
X = 3 . 8 7 5 8 X 10 ^ Sec^ 
t - = 12900 S e c 
No= 1 . 4 9 7 6 4 X 1 0 ^ ^ 
^ 
= 1 6 . 5 2 9 6 X 1 0 ^ ^ o 4 - p a r t i c l e s / c m ^ - S e c 
So4 E ^ € G A (51: <ST 
(MeV) (keV) (mb) (mb) 
30.28 + 0.60 190 0.643 0.0063 536414 206.56 
446 0.233 0.0031 77111 166.53 
32.97 + 0.59 190 0.643 0.0063 1020667 210.11 
446 0.233 0.0031 175418 202.52 
35.21 + 0.59 190 0.643 0.0063 620318 148,15 
446 0.233 0.0031 107457 143.99 
37.34 + 0.58 190 0.643 0.0063 319906 108.70 
446 0.233 0.0031 67051 104.30 
40.29 + 0.58 190 0.643 0.0063 277171 89.56 
446 0.233 0.0031 48067 87.11 
43.09 + 0.57 190 0.643 0.0063 201965 75.23 
446 0.233 0.0031 36171 75.56 
46.56 + 0.57 190 0.643 0.0063 302460 139.10 
446 0.233 0.0031 51908 135.10 
49.85 + 0.57 190 0.643 0.0063 239495 232.15 
446 0.233 0.0031 35319 191.75 
186.55 
206.32 
14 6.07 
106.50 
.34 
75.40 
136.71 
211.96 
T a b l e 2 . 1 5 ( b ) 
E^ ' '^Br{c.C,2n) "^'•Rb +^''-Br ( o C , 4 n ) -^"-Rb 
(MeV) C r o s s - s e c t i o n 
( mb ) 
1 9 . 6 5 + 0 . 6 3 1 5 0 . 6 + 1 9 . 8 
2 2 . 8 0 + 0 . 6 2 3 5 8 . 0 + 4 3 . 8 
2 5 . 6 5 + 0 . 6 1 4 5 6 . 7 + 5 5 . 1 
2 8 . 3 1 + 0 . 6 0 3 4 5 . 6 + 4 1 . 9 
3 0 . 2 8 + 0 . 6 0 1 8 6 . 6 + 2 2 . 5 
3 2 . 9 7 + 0 . 5 9 2 0 6 . 3 + 2 5 . 0 
3 5 . 2 1 + 0 . 5 9 1 4 6 . 1 + 1 8 . 2 
3 7 . 3 4 + 0 . 5 8 1 0 6 . 5 + 1 3 . 7 
4 0 . 2 9 + 0 . 5 8 8 8 . 3 + 1 1 . 8 
4 3 . 0 9 + 0 . 5 7 7 5 . 4 + 1 0 . 1 
4 6 . 5 6 + 0 . 5 7 1 3 6 . 7 + 1 7 . 4 
4 9 . 8 5 + 0 . 5 7 2 1 2 . 0 + 2 6 . 5 
:iw 
Table 2.16(a) 
7Q R1 
Activation crosssection for Br(oC/2n) Rb 
r„5 „ — 1 X = 3.8758 X To Sec 
t, = 7500 Sec 
1 fi 
No = 1.49764 X 10 
^ 
n 2 
= 16.5296 X 10 o6-particles/cm — S e c 
Eot 
(^ leV) 
19.65 + 
22.80 + 
25.65 + 
28.31 + 
30.28 + 
32.97 + 
35.21+ C 
0.63 
6.62 
0.61 
0.60 
0.60 
0.59 
1.59 
E^ 
(keV) 
190 
446 
190 
446 
190 
446 
190 
446 
190 
446 
190 
446 
190 
446 
& \m^ 
0.643 
0.233 
0.643 
0.233 
0.643 
0.233 
0.643 
0.233 
0.643 
0.233 
0.643 
0.233 
0.643 
0.23 3 
6G 
0.0063 
0.0031 
0.0063 
0.0031 
0.0063 
0.0031 
0.0063 
0.0031 
0.0063 
0.0031 
0.0063 
0.0031 
0.0063 
0.0031 
A 
90468 
13325 
226229 
33893 
316667 
47220 
273579 
41718 
536414 
77111 
1020667 
175418 
620318 
107497 
6^ 
(mb) 
164.91 
136.23 
389.10 
326.93 
497.42 
415.99 
372.55 
318.61 
206.56 
166.53 
210.11 
202.52 
148.15 
143.99 
(Tc 
(mb) 
150.57 
358.02 
456.71 
345.58 
186.55 
206.32 
146.07 
contd. 
\) / 
(Mev: 
^? e €.G A 
(kev: (rnb) 
37.34 + 0.58 190 0.64:'. 0.0063 319906 108.70 
446 0.233 0.0031 67051 104.30 
40.29 + 0.58 190 0.643 0.0063 225923 72.99 
446 0.233 0.0031 40283 72.99 
43.09 + 0.57 
46.56 + 0.57 
190 0.643 0.0063 153035 57.00 
446 0.233 0.0031 27287 56.99 
190 0.643 0.0063 933.48 42.99 
446 0.233 0.003] 16644 42.99 
49.85 + 0.57 190 0.643 0.0063 32021 30.99 
446 0.233 0.0031 5710 31.00 
(Tr 
(mb) 
106.50 
173.00 
56.99 
42.99 
30.99 
'J 
T a b l e 2 . 1 6 ( b ) 
Ecc ''^''"BrC o c , 2 n ) -^""Rb 
(MeV) C r o s s - s e c t i o n 
(mb) 
1 9 . 6 5 + 0 . 6 3 1 5 0 . 6 + 1 9 . 8 
2 2 . 8 0 + 0 , 6 2 3 5 8 . 0 + 4 3 . 8 
2 5 . 6 5 + 0 . 6 1 4 5 6 . 7 + 5 5 . 1 
2 8 . 3 1 + 0 . 6 0 3 4 5 . 6 + 4 1 . 9 
3 0 . 2 8 + 0 . 6 0 1 8 6 . 6 + 2 2 . 5 
3 2 . 9 7 + 0 : 5 9 2 0 6 . 3 + 2 5 . 0 
3 5 . 2 1 + 0 . 5 9 1 4 6 . 1 + 1 8 . 2 
3 7 . 3 4 + 0 . 5 8 1 0 6 . 5 + 1 3 . 7 
4 0 . 2 9 + 0 . 5 8 7 3 . 0 + 1 2 . 6 
4 3 . 0 9 + 0 . 5 7 5 7 . 0 + 8 . 9 
4 6 . 5 6 + 0 . 5 7 4 3 . 0 + 5 . 5 
4 9 . 8 5 + 0 . 5 7 3 1 . 0 + 4 . 0 
• J ; . 
Tab le 2 . 1 7 ( a ) 
81 81 81 
A c t i v a t i o n c r o s s s e c t i o n f o r B r ( o ^ , 4 n ) Rb Rb 
A = 3 . , — -^ --^ 8758 X 10 Sec 
t, = 7500 Sec 
1 8 
No = 1.42089 X 10 
$ 
11 2 
16.5296 X 10 OC-particles/cm - Sec 
(MeV) (keV) (mb) (mb) 
40.29 + 0.58 190 0.643 0.0063 51248 17.45 
446 0.233 0.0031 7784 14.86 
43.09 + 0.57 190 0.643 0.0063 48930 19.21 
446 0.233 0.0031 8884 19.56 
46.56 + 0.57 190 0.643 0.0063 209112 101.53 
446 0.233 0.0031 35264 96.02 
49.85 + 0.57 190 0.643 0.0063 207474 211.70 
446 0.233 0.0031 29609 169.44 
16.16 
19.39 
98.78 
190.57 
l u ( i 
T a b l e 2 . 1 7 ( b ) 
Eot ^"'•Br( Od,4n) ^-"-Rb 
(MeV) C r o s s - s e c t i o n 
(mb) 
4 0 . 2 9 + 0 . 5 8 1 6 . 2 + 4 . 7 
4 3 . 0 9 + 0 . 5 7 1 9 . 4 + 3 . 2 
4 6 . 5 6 + 0 . 5 7 9 8 . 8 + 1 2 . 5 
4 9 . 8 5 + 0 . 5 7 1 9 0 . 6 + 2 3 . 8 
l i i . 
Table 2.18(a) 
Activation crosssection for 
2",pi(o6,n) 206 3i ^ 205^^^^ 3^ j 2O63. 
«6 _ - 1 A = 1 . 2 8 0 1 X 16 S e c 
t - = 1 1 7 0 0 S e c 
No = 1 . 4 8 9 4 X lO-*^ ® 
"f = 1 0 . 8 9 2 1 X 10 O C - p a r t i c l e s / c m - S e c 
Eoc E ^ 6 G A O^ <S~i 
(MeV) (keV) (mb) (mb) 
2 2 . 2 9 + 0 . 7 0 
2 5 . 2 4 + 0 . 6 8 
344 
497 
537 
803 
881 
1019 
1098 
1718 
344 
497 
537 
303 
381 
0.234 
0.15 3 
0.30 4 
0.989 
0.662 
0.Q76 
0.135 
0.318 
0.234 
0.153 
0.30 4 
0.939 
0.662 
0.0250 
0.0180 
G.017 5 
0.0120 
0.0110 
0.0098 
0.0090 
0.0070 
0.0250 
0.0180 
0.0175 
C .0120 
C.OllO 
5470 
2372 
4189 
11331 
6571 
643 
940 
1872 
3746 
1563 
2787 
7575 
4544 
37.76 
34.78 
31.80 
38.56 
36.44 
34.86 
31.24 
33.96 
25.78 
22.85 
21.09 
25.70 
25.13 
3 4 . 9 2 
2 3 . 3 0 
c o n t d 
1 < ' . 
(MeV) (keV) 
1019 
1098 
1718 
e 
0 . 0 7 6 
0 . 1 3 5 
0 . 3 1 8 
ec 
0 . 0 0 9 8 
0 . 0 0 9 0 
0 . 0 0 7 0 
A 
409 
596 
1327 
i mb) 
1 9 . 7 5 
2 4 . 0 0 
2 2 . 1 1 
(nb ) 
f 
29.04 + 0.67 344 0.234 0.0069 26620 836.62 
497 0.153 0.0050 11249 746.16 
tj^ = 10860 Sec 
ii537 0.304 0.0046 18972 688.43 
9.7632x10 
> 803 0.989 0.0034 56847 857.82 
881 0.662 0.0031 30771 760.86 
1019 0.076 0.0027 3054 755.23 
1098 0.135 0.0025 4387 659.59 
1719 0.318 0.0018 9748 864.15 
31.94 + 0.66 344 0.234 0.0069 33692 1055.78 
497 0.153 0.0050 14578 964.14 
537 0.304 0.0046 22228 804.21 
803 0.989 0.0034 77768 1170.08 
881 0.662 0.0031 37828 932.62 
1019 0.076 0.0027 3968 978.37 
1098 0.135 0.0025 5046 756.45 
1719 0.318 0.0018 15391 1183.61 
34.35 + 0.65 344 0.234 0.0037 24670 1437.41 
497 0.153 0.0028 10730 1263.51 
537 0.304 0.0026 18577 1185.67 
771.11 
980.66 
contd.. 
.Io,j 
(MeV) (keV) 6 
6.G 
(mb) 
CTr 
(mb] 
36.63 + 0.64 
39.72 + 0.64 
303 
881 
101^ 
1098 
1719 
344 
497 
537 
303 
881 
1019 
1098 
1719 
344 
497 
537 
803 
881 
1019 
1098 
1719 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.0^19 
0.0018 
0.0016 
0.0015 
C.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
52684 
28581 
2681 
4369 
9177 
30176 
13066 
22503 
65417 
33797 
3346 
4973 
11391 
16890 
7366 
12975 
34809 
19506 
1918 
2935 
6358 
1414.35 
1244.56 
1112.23 
1088.38 
1213.20 
1753.33 
1534.31 
1432.25 
1751.29 
1467.59 
1406.61 
1235.40 
1501.71 
978.63 
862.96 
823.52 
929.28 
844.66 
727.08 
835.85 
791.27 
1244.91 
1510.3L 
849.16 
contd.... 
I'i 
(MeV) (keV) e 
£ G 
(mb) (mb) 
42.6i3 + 0 . 6 3 
4 6 . 3 1 + 0 . 6 2 
4 9 . 7 6 + 0 . 6 1 
344 
497 
537 
803 
881 
1019 
1098 
1719 
344 
497 
537 
803 
881 
1019 
1098 
1719 
344 
497 
537 
803 
881 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
12949 
5649 
98464 
28100 
14982 
1395 
2179 
5739 
7203 
3417 
5565 
16345 
8561 
687 
1276 
3813 
9577 
4239 
6967 
22371 
11171 
748.12 
659.59 
624.26 
748.54 
646.89 
573.84 
538.24 
752.30 
415.09 
397.96 
351.29 
433.99 
368.70 
281.88 
314.39 
498.56 
550.53 
492.47 
438.71 
592.52 
479.92 
6 6 1 . 4 7 
3 8 2 . 7 3 
5 0 8 . 8 8 
c o n t d . 
1019 0.076 0.0016 
1098 0.135 0.0015 
1719 0.318 0.0012 
1092 446.95 
1622 398.65 
5147 671.32 
l l i . . 
{MeV) (kev) © 
6G 
(mo) (mb) 
T a b l e 2 - 1 8 ( b ) 
2 0 3 1 ^ - , , , > 2 0 6 ^ . , 2 0 5 ^ , . . -, , 2 0 6 ^ . EcC T l ( c ^ , n ) 81+ T l ( p ^ , 3 n ) Bi 
(MeV) C r o s s - s e c t i o n 
( mb ) 
2 2 . 2 9 + 0 . 7 0 3 4 . 9 + 6 . 8 
2 5 . 2 4 + 0 . 6 8 2 3 . 3 + 5 . 6 
2 9 . 0 4 + 0 . 6 7 7 7 1 . 1 + 1 0 2 . 9 
3 1 . 9 4 + 0 . 6 6 9 8 0 . 7 + ] .29.2 
3 4 . 3 5 + 0 . 6 5 1 2 4 4 . 9 + 1 6 6 . 4 
3 6 . 6 3 + 0 . 6 4 1 5 1 0 . 3 + 2 0 0 . 2 
3 9 . 7 2 + 0 . 6 4 8 4 9 . 2 + 1 2 8 . 4 
4 2 . 6 8 + 0 . 6 3 6 6 1 . 5 + 9 5 . 8 
4 6 - 3 1 + 0 . 6 2 3 8 2 . 7 + 6 1 . 9 
4 9 . 7 6 + 0 . 6 1 5 0 8 . 9 + 8 1 . 0 
Table 2.19(a) 
Activation crosssection for 
X = 1.2801 X 10^ Sec-*^  
t, = 11700 Sec 
1 R 
No = 1.4894 X 10 
$ 
11 2 
= 10.8921 X 10 oC- particles/cm - Sec 
(MeV) 
22.29 + 0.70 
25.24 + 0.68 
E;) 
(keV) 
344 
497 
537 
803 
881 
1019 
1098 
1718 
344 
497 
537 
803 
881 
1019 
1098 
1718 
e 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
6 G 
0.0250 
0.0180 
0.0175 
0.0120 
0.0110 
0.0098 
0.0090 
0.0070 
0.0250 
0.0180 
0.0175 
0.0120 
0.0110 
0.0098 
0.0090 
0.0070 
A 
5470 
2372 
4189 
11331 
6571 
643 
940 
1872 
3746 
1563 
2787 
7575 
4544 
409 
596 
1327 
61: 
(mb) 
37.76 
34.78 
31.80 
38.56 
36.44 
34.86 
31.24 
33.96 
25.78 
22.85 
21.09 
25.70 
25.13 
19.75 
24.00 
22.11 
(mb) 
34.92 
23.30 
1 < I ) 
-6 _ -1 } \ = 1.2801 X 10~^ Sec 
t, = 10860 Sec 
No = 1.4894 X 10^^ 
^ 
9.7632 X 10^^ oC ~particles/cm^ - Sec 
EoC 
(MeV) 
29.04 + 0.67 
31.94 + 0.66 
E:) 
(kev) 
344 
497 
537 
803 
881 
1019 
1098 
1718 
344 
497 
537 
803 
881 
1019 
1098 
1718 
e 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
GG 
0.0069 
0.0050 
0.0046 
0.0034 
0.0031 
0^0027 
0.0025 
0.0018 
0.0069 
0.0050 
0.0046 
0.0034 
0.0031 
0.0027 
0.0025 
0.0018 
A 
732 
347 
634 
1524 
930 
93 
153 
259 
606 
287 
525 
1262 
771 
77 
127 
215 
<rr 
(mb) 
23.00 
23.02 
23.00 
22.99 
22.99 
22.99 
23.00 
22.96 
19.00 
19.00 
19.00 
19.00 
19.00 
19.00 
19.00 
19.00 
fl-r 
(mb) 
22.99 
19.00 
contd. 
1 0 ) 
(MeV) (keV) e 
6.G 
(mb) 
err 
(mb) 
3 4 . 3 5 + 0 . 6 5 
3 6 . 6 3 -I- 0 . 6 4 
3 9 . 7 2 + 0 . 6 4 
344 
497 
537 
803 
881 
1019 
1098 
1718 
344 
497 
537 
803 
881 
1019 
1098 
1718 
344 
497 
537 
803 
881 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
240 
119 
219 
521 
321 
34 
56 
106 
206 
102 
188 
447 
275 
29 
48 
91 
164 
81 
150 
356 
219 
14.00 
14.00 
14.00 
14.00 
14.00 
14.00 
14.00 
14.00 
12.00 
12.00 
12.00 
12.00 
12.00 
12.00 
12.00 
12.00 
9.5 
9.5 
9.5 
9.5 
9.5 
1 4 . 0 0 
I 2.-00 
9 . 5 
c o n t d , 
1. .i 
Eo6 
(MeV) 
4 2 . 6 8 + 0 . 6 3 
4 6 . 3 1 + 0 . 6 2 
(keV) 
1019 
1098 
1718 
344 
497 
537 
803 
881 
1019 
1098 
1718 
344 
497 
537 
803 
881 
1019 
1098 
1718 
6 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.076 
0.076 
0.135 
0.318 
£G 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0016 
0.0016 
0.0 015 
0.0012 
A 
23 
38 
72 
135 
67 
123 
293 
181 
19 
32 
60 
101 
50 
92 
218 
14 
14 
24 
44 
5T 
(ir.b) 
9.5 
9.5 
9.5 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
7.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
(mb) 
7.8 
5.8 
con td . 
lii 
(MeV) 
E9 
(keV) 9 
€ G A 
(mb) ^mb) 
4 9 . 7 6 + 0 . 6 1 344 
497 
537 
803 
881 
1019 
1098 
1718 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
84 
91 
76 
181 
112 
12 
20 
37 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
4.8 
4 . 8 
Ix 
T a b l e 2 . 1 9 ( b ) 
2 0 3 1 ^ ^ , ^ , 2 0 6 ^ . Eo6 T l ( o C , n ) Bi 
(MeV) C r o s s - s e c t i o n 
2 2 . 8 9 + 0 . 7 0 3 4 . 9 + 6 . 8 
2 5 . 2 4 + 0 . 6 8 2 3 . 3 + 5 . 6 
2 9 . 0 4 + 0 . 6 7 2 3 . 0 + 2 . 8 
3 1 . 9 4 + 0 . 6 6 1 9 . 0 + 2 . 4 
3 4 . 3 5 + 0 . 6 5 1 4 . 0 + 1 .7 
3 6 . 6 3 + 0 . 6 4 1 2 . 0 + 1 .5 
3 9 . 7 2 + 0 . 6 4 9 . 5 + 1.2 
4 2 . 6 8 + 0 . 6 3 7 . 8 + 1 . 0 
4 6 . 3 1 + 0 . 6 2 5 . 8 + 0 . 8 
4 9 . 7 6 + 0 . 6 1 4 . 8 + 0 . 7 
1 1 a 
Table 2.20(a) 
Activation crosssection for 
205„-, - - . 206 „. Tl(C<.,3n) Bx 
X = 1.2801 X 10^ Sec""^  
t = 10860 Sec 
No = 3.5247 X lO""^ ^ 
^ 
11 2 
= 9.7632 X 10 oC- particles/cm — Sec 
(MeV) (keV) ^ (mb) (mb) 
29.04 + 0.67 344 0.234 0.0069 25888 343.81 
497 0.153 0.0050 10902 305.59 
537 0.304 0.0046 18338 281.18 
803 0.989 0.0034 55323 352.76 
881 0.662 0.0031 29841 311.80 
1019 0.076 0.0027 2961 309.45 
1098 0.135 0.0025 4234 269.03 
1719 0.318 0.0018 9489 355.46 
31.94 + 0.66 344 0.234 0.0069 33086 438.11 
497 0.153 0.0050 14291 399.39 
537 0.304 0.0046 21703 331.79 
803 0.989 0.0034 76505 486.39 
881 0.62 0.0031 37057 386.06 
1019 0.076 0.0027 3891 405.39 
316.14 
406.36 
contd, 
t 1 
(MeV) 
34.35 + 0.65 
36.63 + 0.64 
39.72 + 0.64 
E:? 
(keV) 
1098 
1719 
344 
497 
537 
803 
881 
1019 
1098 
1719 
344 
497 
537 
803 
881 
1019 
1098 
1719 
344 
497 
537 
e 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
£G 
0.0C25 
0.0018 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0098 
0.0026 
A 
4919 
13176 
24430 
10611 
8358 
52163 
28260 
2647 
4313 
9071 
29970 
12964 
22315 
64970 
33522 
3317 
4925 
11300 
16726 
7285 
12825 
<rr 
(mb) 
311.64 
492.12 
601.49 
527.99 
495.11 
491.78 
520.00 
464.13 
453.96 
506.74 
738.33 
645.46 
602.18 
737.51 
617.19 
518.68 
631.64 
581.96 
409.51 
360.47 
343.95 
<rr 
(mb) 
520.15 
631.12 
contd. 
1 ; a 
Eo6 
(MGV) 
42.68 + 0.63 
46.31 + 0.62 
E;? 
(keV) 
803 
881 
1019 
1098 
1719 
344 
497 
537 
803 
881 
1019 
1098 
1719 
344 
497 
537 
803 
881 
1019 
1098 
1719 
0 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0.318 
0.234 
0.153 
0.304 
0.989 
0.662 
0.076 
0.135 
0 . 3 ]_ 8 
^G 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
0.0037 
0.0028 
0.0026 
0.0019 
0.0018 
0.0016 
0.0015 
0.0012 
A 
34453 
19287 
1895 
2897 
6286 
12814 
5582 
9739 
20807 
14801 
1376 
2147 
5679 
7102 
3367 
3473 
16127 
8426 
673 
1252 
3759 
67 
(mb) 
388.67 
352.91 
330.41 
303.21 
349.20 
312.83 
275.41 
260.44 
312.81 
270.05 
239.24 
224.08 
314.58 
172.94 
156.70 
145.98 
180.95 
153.34 
116.71 
13 0.33 
208.24 
dT 
(mb) 
354.79 
276.18 
159.27 
contd... 
.1 L U 
(MeV) 
^1 
(kev; G 
€ G 6^r 
(mb) 
•57 
(mb) 
4 9 . 7 6 + 0 . 6 1 344 0 . 2 3 4 0 . 0 0 3 7 9493 2 3 0 . 5 9 
497 0 . 1 5 3 0 . 0 0 2 8 4198 2 0 6 . 0 8 
537 0 . 3 0 4 0 . 0 0 2 6 6 8 9 1 1 8 3 . 3 5 
803 0 . 9 8 9 0 . 0 0 1 9 22190 2 4 8 . 3 6 
881 0 . 6 6 2 0 . 0 0 1 8 11059 2 0 0 . 7 6 
1019 0 . 0 7 6 0 . 0 0 1 6 1080 1 8 6 . 8 3 
1098 0 . 1 3 5 0 . 0 0 1 5 1602 1 6 6 . 3 5 
1719 0 . 3 1 8 0 . 0 0 1 2 5110 2 8 1 . 6 3 
2 1 2 . 9 9 
l i -
Table 2.20(b) 
(MeV) Cross-section 
(mb) 
2 9 . 0 4 + 0 . 6 7 3 1 6 . 1 + 4 2 . 2 
3 1 . 9 4 + 0 . 6 6 4 0 6 . 4 + 5 3 . 5 
3 4 . 3 5 + 0 . 6 5 5 2 . 0 2 + 6 9 . 5 
3 6 . 6 3 + 0 . 6 4 6 3 1 . 1 + 8 3 . 8 
3 9 . 7 2 + 0 . 6 4 . 3 5 4 . 8 + 4 6 . 0 
4 2 . 6 8 + 0 . 6 3 2 7 6 . 2 + 3 6 . 3 
4 6 . 3 1 + 0 . 6 2 1 5 9 . 3 + 2 4 . 0 
4 9 . 7 6 + 0 . 6 1 2 1 3 . 0 + 2 8 . 7 
1L'> 
T a b l e 2 . 2 1 ( a ) 
203 205 
A c t i v a t i o n c r o s s s e c t i o n f o r T l ( o C , 2 n ) B i + 
A = 5 . 2 3 4 8 X 10'^ S e c ^ ^ ° ^ T 1 ( o< . ,4n) ^ ° ^ B i 
t , = 1 1 7 0 0 S e c 
1 o 
No = 1 . 4 8 9 4 X 10 
<P^ = 1 0 . 8 9 2 1 X 10 o C - p a r t i c l e s / c m ^ - Sec 
(MeV) (keV) 0 (mb) (mb) 
25.34 + 0.68 704 0.311 0.0135 21441 475.09 475.09 
X = 5.2348 X 10~' Sec 
t, = 10860 Sec 
1 ft 
No = 1.4894 X 10 ° 
^ 
11 2 
= 9.7632 X 10 oC -particles/cm - Sec 
(MeV) 
29.04 
31.94 
34.35 
36.63 
39.72 
42.68 
46.31 
49.76 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0, 
0, 
0, 
0. 
0. 
0. 
0. 
0, 
.67 
.66 
.65 
.64 
.64 
,63 
.62 
,61 
(keV) 
704 
704 
765 
704 
704 
704 
704 
704 
0 
0, 
0, 
0, 
0, 
0. 
0. 
0. 
^ 
.311 
.311 
.311 
.311 
.311 
.311 
.311 
,311 
€G 
0.0038 
0.0038 
0.0021 
0.0021 
0.0021 
0.0021 
0.0021 
0.0021 
A 
6415 
1947 
546 
1213 
3882 
9611 
12131 
7998 
6^ 
(mb) 
614 
186, 
94, 
209, 
669. 
1655. 
2087. 
1374. 
.18 
.18 
.36 
.41 
.41 
.29 
,19 
,65 
or 
(mb) 
614.18 
186.18 
94.36 
209.41 
669.41 
1655.29 
2087.19 
1374.65 
l i J 
Table 2.21(b) 
(MeV) 
Tl ( cK., 2n) Bi + 
205^, , , . , 205^. 
Tl (c<,4n) Bi 
Cross-section 
( mb ) 
2 5 . 3 4 + 0 . 6 8 4 7 5 . 1 + 6 0 . 3 
2 9 . 0 4 + 0 . 6 7 6 1 4 . 2 + 8 8 . 4 
3 1 . 9 4 + 0 . 6 6 1 8 6 . 2 + 3 8 . 9 
3 4 . 3 5 + 0 . 6 5 9 4 . 4 + 3 6 . 1 
3 6 . 6 3 + 0 . 6 4 2 0 9 . 4 + 5 4 . 7 
3 9 . 7 2 + 0 . 6 4 6 6 9 . 4 + 1 0 6 . 5 
4 2 . 6 8 + 0 , 6 3 1 6 5 5 . 3 + 2 2 8 . 5 
4 6 . 3 1 + 0 . 6 2 2 0 8 7 . 2 + 2 8 1 . 8 
4 9 . 7 6 + 0 . 6 1 1 3 7 4 . 7 + 2 0 2 . 1 
Table 2.22(a) 
Activation crosssection for Tl(c3<.,2n) Bi 
A = 5.2348 X 10 Sec 
t = 11700 ESec 
No = 1.4894 X lO-*-^  
^ 
11 2 
= 10.8921 X 10 oC-particles/cm -Sec 
l^i\ 
E E ^ € G A <yT 6T 
(MeV) (keV) " (mb) (mb) 
2 5 . 3 4 + 0 . 6 8 704 0 . 3 1 1 0 . 0 1 3 5 21441 4 7 5 . 0 9 4 7 5 . 0 9 
L ' i 
-7 „ -1 \ = 5-2348 X 10 Sec 
t- = 10860 Sec 
No = 1.4894 X 10^^ 
f 11 2 = 9.7632 X 10 oC-particles/cm - Sec 
E ^ E :} £.G A <fr crT 
(MeV) (keV) & (mb) (mb) 
29.04 + 0.67 704 0.311 0.0038 6415 614.18 614.18 
31.94 + 0.66 704 0.311 0.0021 1947 186.18 186.18 
34-35 + 0.65 704 0.311 0.0021 546 94.36 94.36 
36.63 + 0.64 704 0.311 0.0021 695 120.00 120.00 
39.72 + 0.64 704 0.311 0.0021 510 88.00 88.00 
42.68 + 0.63 704 0.311 0.0021 377 65.00 65.00 
46.31 + 0.62 704 0.311 0.0021 302 52.00 52.00 
49.76 + 0.61 704 0.311 0.0021 239 41.00 41.00 
1 ^ 
X ^ >-< 
T a b l e 2 . 2 2 ( b ) 
E oc T l ( c<.,2n) Bi 
(MeV) C r o s s - s e c t i o n 
(mb) 
2 5 . 3 4 + 0 . 6 8 4 7 5 . 1 + 6 0 . 3 
2 9 . 0 4 + 0 . 6 7 6 1 4 . 2 + 8 8 . 4 
3 1 . 9 4 + 0 . 6 6 1 8 6 . 2 + 3 8 . 9 
3 4 . 3 5 + 0 . 6 5 9 4 . 4 + 3 6 . 1 
3 6 . 6 3 + 0 . 6 4 1 2 0 . 0 + 1 6 . 6 
3 9 . 7 2 + 0 . 6 4 8 8 . 0 + 20."7 
4 2 . 6 8 + 0 . 6 3 6 5 . 0 + 8 . 2 
4 6 . 3 1 + 0 . 6 2 5 2 . 0 + 6 . 7 
4 9 . 7 6 + 0 . 6 1 4 1 . 0 + 5 . 0 
Table 2.23(a) 
TV 4-- .-• .-• 4r 2 0 5 „ , ,_^ , . 2()5„. 
Activation crosssection for Tl(c<,4n) BL 
X ' "•" --•'--1 5.2348 X 10 Sec 
t. = 10860 Sec 
No = 3.5247 X lO-"^ ^ 
^ 
11 2 
= 9.7632 X 10 OC-particles/cm - Sec 
1 ^i 6 
E j ^ E ^ € G A C T ? (5r 
(MeV) (keV) ^ (mb) (mb) 
3 6 . 6 3 + 0 . 6 4 704 0 . 3 1 1 0 . 0 0 2 1 518 3 7 . 7 8 3 7 . 7 8 
3 9 . 7 2 + 0 . 6 4 704 0 . 3 1 1 0 . 0 0 2 1 3372 2 4 5 . 6 7 2 4 5 . 6 7 
4 2 . 6 8 j - 0 . 6 3 704 0 . 3 1 1 0 . 0 0 2 1 9234 6 7 1 . 9 3 6 7 1 . 9 3 
4 6 . 3 1 + 0 . 6 2 704 0 . 3 1 1 0 . 0 0 2 1 11829 8 5 9 . 8 7 8 5 9 . 8 7 
4 9 . 7 6 + 0 . 6 1 704 0 . 3 1 1 G.0021 7759 5 6 3 . 4 4 5 6 3 . 4 4 
\.i 
T a b l e 2 . 2 3 ( b ) 
2 0 5 ^ , . . . . 2 0 5 „ . EoC T l ( o < . , 4 n ) Bi 
(MeV) C r o s s - s e c t i o n 
(mb) 
3 6 . 6 3 + 0 . 6 4 3 7 . 8 + 1 6 . 0 
3 9 . 7 2 + 0 . 6 4 2 4 5 . 7 + 4 0 . 3 
4 2 . 6 8 + 0 . 6 3 6 7 1 . 9 + 9 3 . 1 
4 6 . 3 1 + 0 . 6 2 8 5 9 . 9 + 1 1 6 . 3 
4 9 . 7 6 + 0 . 6 1 5 6 3 . 4 + 8 3 . 2 
Lr:.. 
Table 2.24(a) 
Activation crosssection for Tl(oC,3n) Bi 
A = 1.69351 X 10^ Sec-"^  
t, = 10860 Sec 
No = 1.4894 X lO""^ ^ 
t = 9.7632 X 10 oC - particles/cm - Sec 
(MeV) (keV) (mb) (mb) 
31.94 + 0.66 
34.35 + 0.65 
36.63 + 0.64 
39.72 + 0.64 
42.68 + 0.63 
37 5 
671 
984 
375 
671 
984 
375 
671 
984 
375 
671 
984 
375 
671 
984 
0.810 
0.106 
0.580 
0.810 
0.106 
0.580 
0.810 
0.106 
0.580 
0.810 
0.106 
0.580 
0.810 
0. 106 
0.58 0 
0.0064 
0.0039 
0.0028 
0.0035 
0.0022 
0.0016 
0.0035 
0.0022 
0.0016 
0.0035 
0.0022 
0.0016 
0.0035 
0.0022 
0.0016 
64090 
4329 
18441 
51293 
3923 
14894 
75859 
5669 
21749 
53842 
3939 
16678 
50942 
3 912 
18568 
424.61 
359.82 
390.00 
597.25 
555.32 
529.81 
851.56 
773.64 
745.86 
582.70 
518.25 
551.42 
530.43 
495.19 
590.65 
391 
560 
790, 
550. 
538. 
contd. 
.43 
.79 
.35 
,79 
76 
Eo4 
(Mev; (keV) 9 
ec (5? 
{mb; 
Ldo 
5f 
:mb) 
4 6 . 3 1 + 0 . 6 2 375 0 . 8 1 0 0 . 0 0 3 5 
6 7 1 0 . 1 0 6 0 . 0 0 2 2 
984 0 . 5 8 0 0 . 0 0 1 6 
38190 
2663 
16133 
384.54 
325.98 
496.27 
402.26 
49.76 + 0.61 375 0.810 0.0035 
671 0.106 0.0022 
984 0.580 0.0016 
104844 1021.92 
7416 878.76 
33673 1002.68 
967.79 
1 ^ / 
T a b l e 2 . 2 4 ( b ) 
E ^ 2 0 4 ^ ^ ( ^ ^ 3 ^ ^ 2 0 4 3 . 
(MeV) C r o s s - s e c t i o n 
(mb) 
3 1 . 9 4 + 0 . 6 6 3 9 1 . 5 + 5 7 . 1 
3 4 . 3 5 + 0 . 6 5 5 6 0 . 8 + 8 2 . 1 
3 6 . 6 3 + 0 . 6 4 7 9 0 . 4 2: 1 1 0 . 9 
3 9 . 7 2 + 0 . 6 4 5 5 0 . 8 + 7 9 . 2 
4 2 . 6 3 + 0 . 6 3 5 3 8 . 8 + 7 8 . 3 
4 6 . 3 1 + 0 . 6 2 4 0 2 . 3 + 6 1 . 8 
4 9 . 7 6 + 0 . 6 1 9 6 7 . 8 + 1 3 1 . 8 
Table 2.25(a) 
203 203 
Activation crosssecticn l:or Tl(o4,4n) Bi 
X = 1.5693 X 10^ Sec^ 
t, = 10860 Sec 
No - 1.4894 X IQ-'^ ^ 
^ 
= 9.7632 X lO"*^  oC- particles/cm^- Sec 
L^ 
(MeV) (keV) (mb) (mb) 
36.63 + 0.64 820 0.296 0.00185 327 18.61 18.61 
39.72 + 0.64 820 0.296 0.00185 1569 79.97 79.97 
42.68 + 0.63 820 0.296 0.00185 6782 333.54 333.54 
46.31 + 0.62 820 0.296 0.00185 11249 536.30 536.30 
49.76 + 0.61 820 0.296 0.00185 10100 467.23 467.23 
1 L. \) 
T a b l e 2 . 2 5 ( b ) 
(MeV) C r o s s - s e c t i o n 
(mb) 
3 6 . 6 3 + 0 . 6 4 1 8 . 6 + 1 0 . 4 
3 9 . 7 2 + 0 . 6 4 8 0 . 0 + 1 7 . 7 
4 2 . 6 8 + 0 . 6 3 3 3 3 . 5 + 5 1 . 4 
4 6 . 3 1 + 0 . 6 2 5 3 6 . 3 + 7 7 . 8 
4 9 . 7 6 + 0 . 6 1 4 6 7 . 2 + 7 0 . 0 
l.iil 
Table 2.26(a) 
141 144 
Activation crosssection for Pr(oC/n) Pm 
•:^8 _ -1 A = 2.2096 X 10 Sec 
t = 33480 Sec 
No - 6.8019 X lO"'^ ^ 
4> = 1 0 . 7 8 9 3 X 1 0 ^ ^ O C - p a r t i c l e s / c m ^ - S e c 
Eoc E^ € G A 5 ? ffr 
(MeV) (keV) ® (mb) (mb) 
15.71 + 0.94 477 0.422 0.019 3457 18.66 
618 0.991 0.015 7133 20.77 19.88 
697 1.000 0.014 6538 20.21 
18.24 + 0.90 477 0.422 0.019 24711 133.37 
618 0.991 0.015 49942 145.39 139.75 
697 1.000 0.014 45451 140.49 
25.97 + 0.82 477 0.422 0.019 3157 17.04 
618 0.991 0.015 7846 22.84 21.26 
697 1.000 0.014 7737 23.91 
30.14 + 0.79 477 0.422 0.019 2041 11.01 
618 0.991 0.015 5477 15.94 11.89 
697 1.000 0.014 2825 8.73 
35.92 + 0.76 477 0.422 0.019 10797 9.69 
618 0.991 0.015 4572 13.30 9.97 
697 1.000 0.014 2244 6.93 
44.57 + 0.72 697 1.000 0.014 1600 5.19 5.19 
1 . i L 
T a b l e 2 . 2 6 ( b ) 
Ef^ P r ( o < . , n ) Pm 
(MeV) C r o s s - s e c t i o n 
(mb) 
1 5 . 7 1 + 0 . 9 4 1 9 . 9 + 3 . 2 
1 8 . 2 4 + 0 . 9 0 1 3 9 . 8 + 1 7 . 8 
2 5 . 9 7 + 0 . 8 2 2 1 . 3 + 3 . 8 
3 0 . 1 4 + 0 . 7 9 1 1 . 9 + 2 . 4 
3 5 . 9 2 + 0 . 7 6 1 0 . 0 + 2 . 1 
4 4 . 5 7 + 0 . 7 2 5 . 2 + 1 . 7 
1 :i 
Table 2.27(a) 
Activation crosssection ror Pr(oC#2n) Pm 
,-:;8 „ -1 X = 3.0267 X lb Sec 
t, = 33480 Sec 
1 Q 
No = 6.8019 X 10 
t 11 2 10.7893 X 10 c<-particles/cm -Sec 
Eo^ E^ 6 G A (Jr ffr" 
& 
(MeV) (keV) (mb; (mb) 
18.24 - 0.90 742 0.385 0.013 44504 168.19 168.09 
25.97 + 0-82 742 0.385 0.013 125132 472.49 472.49 
30.14 + 0.79 742 0.385 0.013 50793 191.75 191.75 
35.92 + 0.76 742 0.385 0.013 26350 99.47 99.47 
44.57 + 0.72 742 0.385 0.013 17646 66.60 66.60 
1 .i u 
T a b l e 2 . 2 7 ( b ) 
Eo^ •'^"'•prC o<.,2n) "'•'^ ^Pm 
(MeV) C r o s s - s e c t i o n 
(mb) 
1 8 . 2 4 + 0 . 9 0 1 6 8 . 1 + 2 1 . 2 
2 5 . 9 7 + 0 . 8 2 4 7 2 . 5 + 5 6 . 7 
3 0 . 1 4 + 9 . 7 9 1 9 1 . 8 + 2 3 . 6 
3 5 . 9 2 + 0 . 7 6 9 9 . 5 + 1 2 . 6 
4 4 . 5 7 + 0 . 7 2 6 6 . 6 + 9 . 7 
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€HAPTER-m 
NTOLEAB REACTION THEORIES 
1 •< 0 
NUCLEAR REACTION THEORIES 
A nuclear reaction is an intricate process involv-
ing an atomic nucleus, several theories have been put 
forth to explain these complexities. The multifarious 
series of operations which occur in nuclear reactions of 
various intervals of time are presented in succession in 
Fig. 3.1. The incident beam of alpha particles come into 
contact with the target nucleus within the limits of 
nuclear forces, resulting in the scattering and/or 
absorption of the incident particle. This is the first 
step in the reaction process. Absorption of these 
incident particles leads to the formation of a complex 
system. This complex system decays further to produce 
certain emitted particles and the residual nucleus. Thus, 
one can ascertain indubitably that the second stage is the 
most complicated one. Theorists still continue their 
research to know what exactly happens during this stage. 
Neils Bohr propounded the principle of compound 
nuclear reaction melchanism in the year 1936, to explain 
the second stage of this chain mechanism. His theory has 
been extremely useful in the correlation and interpreta-
tion of nuclear reactions. According to Bohr, a nuclear 
reaction takes place in two distinct and independent 
stages, (i) Formation of a conpound nucleus{CN) and (ii) the 
i Jo 
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I 
>. lncM«nt 
xyBarticIt 
Stfcend stag* Third stag* 
Surf vet direct intjfoctlon ^ 
/ / Mumeitcom»iof^ ^ 
^ . „ / / / '^ Colltctiv* txcitotion ^ 
^y \ I / / / Otcoy o1 
compound 
systvm 
Fig. 3.1 Diagramatic representation of nuclear reaction 
l . i 
disintegration of the compound nucleus into products of 
the reaction. 
The compound nucleus which is a multi-body system of 
strongly interacting particlej; is formed by the amalgama-
tion of an incident particle with a target nucleus. The 
compound nucleus survives to distribute the energy and 
momentum of" the projectile among all the other nucleons. 
The new nucleus thus formed is in excited stage. This 
compound nucleus disintegrates further depending upon the 
incident energy and emits particles like neutrons, protons 
etc., or the y-rays. Such a compound reaction mechanism 
(2) 
take place at comparatively lower excitation energies 
Recent research reveals the fact that particle emission 
may occur even at the time of establishment of thermo-
dynamics equilibrium. Collisions continue to take place 
within the compound nucleus until a stage of equilibrium 
is established, leading to emission of particles. The 
particles which are emitted during the establishment of 
thermodynamic equilibrium are called pre-equilibrium 
particles and the reaction mechanism is called pre-
equilibrium emission process. Generally, the particles 
which are evaporated during equilibrium have higher 
energies as compared to those which are emitted in the 
compound nucleus decay and the likelihood of pre-
equilibrium emission increases with projectile energy. 
1 - i ^ 
Tn the recent past, many models have been unfolded 
to explain the pre-quilibrlum emission of particles which 
may be broadly classified into two types: (i) Semi-
classical models of pre-equilibrium emission and (ii) the 
quantum mechanical models. 
The significant features of the compound nucleus 
(3-5) 
model alongwith pre-equilibrium models are briefly 
elucidated in this chapter. 
3.1 COMPOUND NUCLEUS THEORY 
The compound nucleus model was first proposed in 
the year 1936, by Bohr. Soon after interaction, the 
target nucleus and the incident particle are combined to 
form a compound nucleus. This facilitates the interchange 
of energy and momentum among the two interacting forces 
resulting in the establishment of a thermodynamic equili-
brium. Thus the compound system forgets the mode of its 
formation. As the reaction continues, accidentally, 
excess of energy may be concentrated or. few nucleons which 
may get emitted resulting in the decay of the compound 
nucleus (CN). Thus it can be inferred that the formation 
and decay of the compound nucleus are independent 
( 6 ) 
processes. Weisskopf Ewing have based their theoreti-
cal calculations of partial wave analysis for the calcula-
tion of cross-sections on Bohr's model f. According to 
Li.) 
this model, for every partial wave, the conservation of 
angular momentum and parity are not rekoned clearly, but 
it provides the magnitude of the nuclear cross-section. 
However, Hauser and Feshbach have analysed this problem 
thoroughly and have taken into consideration explicitly, 
the conservation of angular momentum and partly. Further, 
they use the optical model potentials for nucleon 
interactions 
According to the Weisskopf-Ewing statistical 
( 6 ) •—^ 
model , the average reaction cross-section ( Q-^-,) is 
given by 
^ ^ = [ (5-5-onp(:)] [ Gk/G] 
Where j and k stand for the incident and outgoing 
particles respectively. In the equation given above, 
[ (7 comp(j) ] represents the cross-section for the 
formation of compound nucleus, which can be calculated by 
using the transmission Co-efficients for partial waves. 
The branching ratio [ Gk/G ] which depends upon the final 
products to type k, may be computed by applying the level 
densities. Generally, the level density for the nucleus 
is given by the expression 
W (E) =C exp i2T:/&) 
Where C is the constant for the given nucleus and varies 
it.I 
with excitation energy E and the nuclear temperature 
The cros:3-section for the reaction claculations are given 
(7) 
In Hauser - Feshbach model the partly conserva-
tion and the angular momentum used in the optical model 
potential is utilised to understand the absorption cross-
section. Using the symbols of Holmas et.al. ' . The 
average cross-section for the reaction ir (j,k)L can be 
given as : 
-Tr^'/(2 MjE^) y ^ ^ 
Cr^]^(^ ) = ) (2 J+1)\TJ{J",1,S) 
(2J7 + 1)(2 J. + l ) ^ /_ 
^ ^ 1'k (J"' 1^' s^)/ Ttotal (J") 
ll,sl 
Where n and y represent the discrete energy levels of the 
A 
residual nucleus L and target nucleus T respectively. E. 
3 
represents the energy of (ir+ j) compound system in the 
centre of mass frame. M is the reduced mass. T.(J ,l,s) 
and T (J ,1 ,s ) are transmission functions for (I' +J) 
and (Lr + k) systems. T^ ^ ^ (J ) is the sum of trans-total 
mission functions for all channels. Moldauer has 
given a detailed description of these calculations. 
3.2 PRE-EQUTLIBRIUM THEORIES 
At excitation of few tens of MeV, the process of 
i 't I 
equLLibrium is expected to be complicated because of the 
possibilities of multiple collision. Recently, many 
theoretical models are proposed to account for the 
particles emitted in -luclear reactions. Some of the 
^ ^ • -, • -1 ^ 1 (13-18) important semi classical models are: 
3.2.1 Intranuclear Cascade Model (ICM). 
3.2.2 Harp Miller and Berne Model (HMB). 
3.2.3 Exciton Model, (EM) 
3.2.4 Hybrid and Geometry Dependent Hybrid Model 
(GDH) . 
3.2.5 Quantum Mechanical Model (QM) . 
3.2.1 Intranuclear Cascade Model (ICM) 
The Intranuclear Cascade mcdel was proposed by 
o w (i3) ^ ^.^. . , .^ (19-24) ^ , . 
Seber and modified by others to explain various 
(13) 
experimental data. Seber pointed out that m this 
model interaction is treated as quasifree scattering 
process with the assumption that the incident nuclear 
wavelength is shorter than intranuclear distances within 
the nucleus. This assumption is valid for nucleon 
energies above 100 MeV. 
In this model, mean free paths and energy transfers 
in the assumed two body scattering processes are based on 
experimental nucleon-nucleon (N-N) scattering cross-
i t o 
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Fig. 3.2 Representation of the equilibration process 
in the frame-worK of HMB model. The shaded 
areas represent the occupied fraction of 
each bin. with occupations changing 
after each time Interval 
I t J 
sections and angular distributions. For each scattering 
events, the position of the collision within the nucleus, 
energies and directions of each particle are followed 
explicity in three dimensional geometry. The behaviour of 
the cascade particles is described by the equation of 
state for the ideal gas. ICM is perhaps the only model 
which may give the angular distribution of emitted 
particles, but in medium energy range it does not predict 
them very well. The detailed cascade calculations have 
been performed with the Brookhaven "VPOT" code and the 
. . (19) 
"ORNL" code due to Bertmi ' . 
3.2.2 Harp Miller & Berne Model (HMB) 
(14) 
This model was proposed by Harp et.al . The 
schematic representation of this model (Usually called as 
HMB model) is shown in Fig. 3.2. In this model the 
process of equilibrium is supposed to start at a time To. 
The total excitation of nucleus is divided into bins of 
suitable size (may be 1 MeV) . The calculation for the 
number of available single particle levels in each bin can 
be done with a nucleus in its ground state. It is assumed 
that relaxation time of the residual nucleus is long, as 
compared to the life time of nuclear emission. For a 
given incident nucleon, the rate of allowed transitions 
with all nucleons in the nucleus is computed as also the 
.I't i 
rate of emission of the excited particles into the 
continuum. The two processes that is the internal 
transition and the particle emission into the continuum 
are treated statistically and the cross-sections for each 
process are deprived accordingly. Nucleon-nucleon 
scattering cross-sections are used for calculating the 
two-body transition rates. The computation of transition 
rates into the continuum is done using inverse cross-
section and the free particle Phase-space factors. The 
calculations are repeated till all the possible ways of 
scattering out of each bin are considered. The rate of 
equilibrium ia assumed to reach. The equilibrium problem 
is solved by the set of coupled differential equations. 
3.2.3 Exciton Model (EM) 
Exciton model proposed by Griffin is an 
improvement over the HMB model. This model uses densities 
of intermediate states characterised by particle hole 
(exciton) number and assumes a statistical population of 
these states in the equilibration sequence. The incident 
nucleon enters the nuclear potential where all the 
fermions are in their ground state. The first interaction 
gives rise to a 2plh (2 particle, 1 hole) state. Succe-
ssive two body interaction could lead either to ( 3p 2h) 
state or back to a different (2p Ih) state. 
The probability of each occurence is assumed to be 
proportional to the density of accessible final state. 
The level density of internediate states are rapidly 
increasing functioas of par hide-hole numbers. As a 
result, the system goe;-: pre-dominantly in the direction of 
equilibrium. At each intermediate configuration, 
characterised by the specific particle hole number, some 
functions will have atleast one particle with energy in 
excess of its binding energy. 
The follov/ing simple statistical expression given 
by Williams may predict the particle-hole state densities 
• ^u -^  • ^1(25) m the uniform spacing model as 
p g[ g E-A (p,h) ]("-!) 
_y n (E) = 
p! h! (n-D! 
X 2. 
Where A(p,h) = (1/4) (p +h ) + (1/4) (p-h) - (1/2) h and 
n = p + h 
It is generally assumed that the fraction of 
n-exciton states in which one particle is at energy eL+B 
above the fermi energy is given by the ratio 
y n (U,E) /J^ (E) -__fp,h (U,E)/_/p,h (E) 
Where U is the exciton energy of the residual nucleus and 
is the channel energy of hhe emitted particles. The 
probability of decay from n-exciton states is given by 
P (£) d^ = (2S+1) [lul^L^l- ]^_iil£2_d£ , ^ t n 
/ n (E) -?T3 - ^ 
Wherevn is the mean life time of n-exciton state, the phase 
space and penetrability factors. The total decay probabi-
lity is gien by _ 
VI 
P(£) ac (2S+l)^fc(7V'^ U ) " p(n-l)Tnd^ 
The mean life time "Tn may be evaluated on a relative 
basis, as follows 
A n ^ n^ = 1/tn 
= 2r\/k lM|2/n^ (E) 
WhereJMJis the matrix element for the two body interaction, 
jn (E) is the transition rate from the initial exciton state 
(n) to the final state (V\ ) at any particular energy E. 
3.2.4 Hybrid and Geometry Dependent Hybrid (GDH) Model 
The hybrid model was proposed by Blann which the 
basic principles of the exciton model and those of the 
HMB model are incorporated. In this model the excited 
particle populations during equilibrium were calculated 
using partial state densities as in the excitation model 
and the intranuclear transition rates of the excited 
particles were determined from calculations of the mean 
free parths of nucleons in nuclear matter. In a later 
1 L , . 
fonnulation , the effects of interaction in the diffuse 
nuclear surface were also included in the model, and it is 
tt 
known as the "(Geometry Department Hybrid (GDH) model. 
The hybiid and geonetry dependent hybrid models have 
( 3 ) been successful m reproducing a broad range of data . 
This was accomplished with several choices of parameter 
options giving rather similar results. 
(29) In a recent work Blann and Vonach attempted to 
test whether the hybrid and GDH models can predict an 
extensive data using a single set of parameters for all 
projectile energies. They used a part of the currently 
aval".able data as an aid in selecting a single mode of 
calculation for the hybrid and GDH models, in order to see 
how well a single parameter set will globally reproduce 
these data. Optical model parameters were also modified to 
obtain better global results for inverse reaction cross-
sections in the pre-equilibrium energy range upto 90 MeV. 
A. GENERAL DESCRIPTION OF THE FORMULATIONS 
The formulations of the hybrid and GDH models, as 
described below are mainly taken from Ref. 29. The 
formulations can be written as 
Py ( e) d^ = ^  I _^X ^ , N^ iG, U)/N^ , (E) ] X 
and 
d d ^ ( < & ) / d ( ^ - C r J P y { 6 ) ....[2] 
Where the symbols are defined in Table 3.1. The quantity 
in the first set of square brackets of Eqn. (1) represents 
the numbr of particles to be found (per MeV) at a given 
energy^(with respect to the continuum) for all scattering 
processes leading to an "n" exciton configuration. The 
second set of square brackets represents the function of 
the y type particles at energy which should undergo 
emission in to the continuum, rather than making an intra-
nuclear transition. Dn represents the average fraction of 
the initial population surviving decay prior to reaching 
the n-exciton configuration. 
Analysis of nucleon-induced reactions at incident 
energies of 18 and 62 MeV gave evidence of major spectral 
contributions from the nuclear surface. To investigate the 
importance of nuclear density distribution in pre-
(17) 
equilibrium decay Blann formulated the geometry 
dependent hybrid model. The hybrid model was reformulated 
with a geometry dependence based on the impact parameters 
for the partial waves initiating the reaction. Tt was 
assumed that the reaction initiated by each partial wave 
l ^ . i 
Table 3.1 
Definition of Symbols 
P 1 ( 6) "3 G. Mumber of particles of type 
(neutrons or protons) 
emitted into the unbound continuum with 
channel energy between ^ and ^ + dQ (MeV). 
p(i,G.) d ^ As for p ^ ( (^  ) but evaluated for the 1th 
partial wave. 
n = Equilibrium (most prob.able) particle plus 
whole (exciton) number. 
no = Tnitia]- exciton number.' 
X , = Number of particles of t>-pe y 
(proton or neutron) 
in an n exciton configuration. 
E = Composite system exciton. 
U = Residual nucleus excitation. 
Nn(^,U) = Number of ways that n exciton may be combined 
such that one, if emitted, would have channel 
energy ^ and the remaining n- 1 exciton would 
share exciton 
I' = CI - P'V "•" ^ ' where 1- ^ is the particle 
binriing energey. 
1 : J » ) 
N (E) = Number of combinations with which n excitons 
n 
may share excitation energy E. 
/\ ( (G, ) = Emission rate of a particle into the 
continuum with channel energey^ . 
/A + ( £ : ) = Intranuclear transition rate of a particle 
which would have channel energy ^ if it were 
emitted into the continuum. 
Dn = Fraction of the initial population which has 
survived decay prior to reaching the n-
exicton configuration. 
= Reaction cross-section. 
1 = Orbital angular momentum in units h. 
~f^ = Transmission coefficients for the 1th partial 
wave. 
d (Rj_ ) - Nuclear density at radius Rl where 1 denotes 
the entrance channel orbital angular 
momentum. 
ds = Saturation density of nuclear matter. 
A = Reduced de Broglie wave length. 
O ^ = Partial reaction cross-section for the 
incident 1th partial v;ave. 
g = Single particle level density for particle 
t YPe y 
1 ; ) 1 
N = Target neutron number. 
Z = Target proton number. 
^ - f = Fermi energy. 
By = Binding energy of particle type ^ 
^ = Channel energy. 
1 -I / 
.1 '' u 
proceeds in the spherical shell-shaped region of thickness 
with radius defined by the initial impact parameter. The 
diffuse surface properties sampled by the higher parameters 
were crudely incorporated in the pre-equilibrium decay 
formulation, in the GDH. The differential emission 
spectrum is given as 
dO-^  ie)/dG. = IT X y (21 + 1) T,^  Pj; (1- €) 
£=0 [3] 
Where the symbols are defined in Table 3.1. The intra-
nuclear transition rates entering Eqn. (1) are evaluated 
for nuclear densities averaged over the entire nucleus, 
while for those in Eqn. (3) should be averaged over the 
densities corresponding to the entrance channel trajec-
tories, at least for the contributions from the first 
projectile -target interaction. 
B. PARAMETER EVALUATION AND MODIFICATION 
(i) Nuclear Density Distribution 
The nuclear density is given by a Fermi distri-
, ^. (29) bution as 
cl(R^) = ds [exp (R^-C)/0.55 fm + l]"''- -..[4] 
Where ds is the saturation density of nuclear matter and 
the charge radius c is given by 
c = 1.18 A^^^ [l-d/l-lSA-""^^)^] + X .--[S] 
Where /\ is the reduced de-Broglie wave-length of the 
projectile. The radius of the 1th partial wave is defined 
by 
R^ = X ( l + 55) [6] 
In the hybrid model the average nuclear density is 
calculated by integration and averaging Eqn. C^J 
between R=0 and R= C + 2.75 fm. Ther Fermi energy (Cf) 
has been taken as 40 MeV for saturation density, and is 
assumed to be proportional to the two third power of the 
average density. The value of - f so evaluated is used in 
defining the single particle level density "g" for all 
calculations, hybrid and 'GDH. The single particle level 
densities have been defined by 
g = N/20 [(£-f + Bn 4(£)/ ( £f) ] ^  ...[7a] 
g = N/20 [(^f + Bn + £.) / (Cf)]' [7b] 
In the hybrid model, the Pauli corrected nucleon-
nucleon scattering cross-section are used to evaluate the 
A"*'( ^ ) of Eqn. L 1 ] ' ^^^ average value of the Fermi 
energy (usually - 30 MeV) and density are used to define 
the nuclear mean free path (rafp). In the geometry depen-
dent hybrid model the Fermi energies and nuclear densities 
are defined according tc impact parameter via Eqn. [6]. 
Option .have been employed using either the maximum, density 
along each targetory or an average. In the ALICE/LIVERMORE-
82 code, the density average is; used as the code default 
option. The ^ f values determined by the average densities 
also determine the maximum hole despth of the 2p - Ih and 
IP - th configurations of hybrid or GDH calculations, 
which are used in the Nn{E) functions of Eqn. [1]. 
(ii) Intranuclear transition rates 
The hybrid and GDH models have employed intranuclear 
transition rates evaluated both from the imaginary optical 
potential and from Pauli corrected nucleon-nucleon scatter-
ing cross-sections. The optical model parameter set is 
valid only for projectile energies below 55 MeV. For 
treating the data at higher energies, the Pauli corrected 
N-N scattering evaluation is used as the standard default 
parameter. 
(iii) Initial exciton numbers 
Different values of this input parameters should be 
given for different types of projectiles. A default option 
is also available in the code. For oC-particle induced 
reactions, initial exciton numbers 4 and 5 are found to 
give better fits to the experimental data. 
(iv) Pairing options 
There are two choices for the pairing effect in the 
ALICE/LIVERMORE-82 code. The value of the pairing 
1 0 .) 
correction is defined as 
6 = 11/ /(A^ [8] 
with a backshift or standard shift being applied. The 
standard shift use true thermodynamic excitation for odd A 
nuclei, reduces the excitation by ^ for doubly even nuclei 
and increases it by o for doubly odd nuclei. The 
backshifted option uses true thermodynamic excitation for 
doubly even nuclei, and increases it by o ^or odd A nuclei 
and 2 Q for doubly odd nuclei. 
(v) Binding energies 
The binding energies and Q-values used in the hybrid 
and GDH models are all based on experimental masses, 
which is included in the ALICE/LIVERMORE-8 2 code in the 
form of block data. A simple input parameter results in 
all Q-values and binding energies being internally 
generated from the experimental mass tables. 
(vi) Reaction and inverse reaction cross-sections 
The ALICE/LIVERMORE-82 code has a classical sharp-
cutoff routine for inverse reaction cross-sections and an 
optical model routine. Either routine may be used for 
calculating inverse reaction cross-sections. 
(vii) Multiple particle emission 
The multiple pre-equilbrium decay processes must b^ 
considered at high excitations ( >, 50 MeV). They are 
important in determining the contributions of terms after 
n == n^ in Eqn. [ 1 ] in determining the cross-section 
surviving to the (equilibrium) compound nucleus, and in 
determining yields of products which require multiple pre-
equilibrium emission for population e.g.,a ( od,2p) reaction 
on a heavy element target. These are two types of multiple 
pre-equilibrium decay. In the first type a nucleus emits 
more than one exciton from a single exciton configuration. 
For example, in a 2p - Ih configuration, upto two particles 
could be emitted, in a 3p - 2h configuration upto three 
particles could be emitted. 
The second type of multiple pre-equilibrium decay, 
the sequence is particle emission, one or more two-body 
intranuclear transitions in the daughter nucleus and lastly 
particle emission. This type becomes the first type if the 
intervening two-body transitions are emitted. 
(viii) Evaporation calculation of level densities 
The Fermi gas level density used in the code is of 
the form 
J^iU) oC{\J - S )"^/^ exp [2 y a(U - cS )] [9] 
where the pairing options are already described. The level 
density parameter 'a' was given as an input parameter. 
The hybrid and geometry dependent hybrid models wore 
able to reproduce experimental particle spectra as well as 
io 
excitation functions of reactions induced by oC-particle. 
( 3 ) Blann calculated particle spectra for ( cC,p) reactions 
in medium and heavy mass nuclei at an o^-particle energy of 
55 MeV and compared the results with the experimental 
results of Chavarier et al and found good agreement 
between the two. The author also compared the experimental 
( 0 f\ ~~ 0 f^ \ Q*^ 
particle spctra ~ for the Nb (o<.,p) reaction at (X.-
particle energies of 30.5, 42 and 55 MeV with the 
calculated values obtained using the hybrid model and found 
a good agreement. 
(3 27) It was also shown ' that geometry dependent 
hybrid model was able to predict the excitation functions 
9 3 
of the reaction Nb ( oC, XnYp) for X ^ 10, Y ^ 6 and for 
o6-particle energies 16 to 171 MeV. 
3.2.5 Quantum Mechanical Model 
To understand the pre-equilibrium processes through 
nucleon-nucleon interaction, the quantum mechanical multi-
step models have been developed '^ . Recently quantum 
f 3 3 — 3 8 ) 
mechanical models have been developed for reckoning 
the cross-section of pre-equilibrium processes. The 
quantum mechanical models have been divided into two 
categories, (i) Multistep compound (MSC) reaction and (ii) 
Multistep direct (MSD) reaction. The multis~ep description 
of the nuclear reaction has been illustratei in Fig. 3.3. 
1 a > 
QL^ M Q2 
^ 
CI3 
—<-
QA 
Fig. 3.3 Multi-step description of a nuclear reaction 
10 \i 
The pre-equilibrium emission of particles is assumed to 
take place either directly from each stage of P-chain or 
indirectly from Q-chain. If the emission of particles 
before equilibration occurs from Q-chain then the emission 
goes through several stages of P-chain, in three different 
ways as represented in the above figure. The higher energy 
particles are emitted during the initial stages and 
particles of lower energy are emitted in the later stages. 
The multistep direct and compound reaction processes 
through P and 0 chains are dominant in the high and low 
energy regions respectively. The MSD reactions occuring in 
the P-chain show forward peaked angular distribution and 
those occuring in the Q-chain are compound in nature 
producing symmetric angular distribution. The nuclear 
reaction goes through various stages as the incident 
nucleon interacts with the target nucleus. It is likely 
that the reaction proceeds to the next stage, returns to 
the earlier stage or goes to the continuum. The last 
probability is related to the pre-equilibrium emission ' 
(i) The Multistep compound (MSC) reaction 
In this type of reaction, the transitions in a 
series of excitation can be made one at a time, similar to 
that of exciton model. This is termed as the chaining 
hvpcthesis, for example, from i.he N , stage, a reaction can 
th -^  
proceed only^  either to (N-1)^, stage or (N+1) , stage or to 
th th 
Ibii 
the final stage. Jumping to the next stage leaving one in 
between is not possible i.e., from N , to (N+2) , stage 
th th 
leaving (N+1) stage is not possible. The reaction 
between the exciton number n and the stage number N is 
giver by N = (n-1) / 2. The likelihood of the transition 
is proportional to the level density in the final state. 
(ii) The multistep direct (MSD) reaction 
At higher excitation it is assumed, all through the 
course of reaction that atleast one particle remains in the 
continuum. It is alredy assumed that the reaction passes 
through many stages of high complexity. 
Semi-classical models and in recent years, totally 
quantum mechanical models have been developed to describe 
the non-equilibrium processes. However, it has not been 
possible to consider multiparticle emission in the light of 
quantistic approach as yet, and therefore measured 
excitation funcltions have been computed theoretically v/ith 
and without the inclusion of pre-equilibrium emission using 
semi-classical models. 
1 » > i 
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CHAPTER" IV 
OOMPUTEB CODE 
AUCE/LIYER MOBE-82 
1 " t 
COMPUTER CODE 
ALICE/LIVERMORE-82 
To have- a better understanding of the nuclear reaction 
mei'hanism, a comparative study of the experimental data and 
theoretical models becomes essential. Computer codes using 
different nuclear models have been formulated considering 
the data needs. The code must be carefully tested to verify 
its validity, before using it for mass prediction. In the 
present work, the equilibrium (EQ) and the pre-equilibrium 
(PE) calculations have been performed using 
ALICE/LIVERMORE-82^^ code. With the help of this code, the 
theoretical calculations of the excitation functions for the 
alpha induced reactions have be^ en done with and without 
inclusion of ^E emission of particles. This computer code ir 
( 2 ) 
a modified version of other codes like ALICE and OVERLAID 
ALTCE^ . Generally ALICE/LIVERMORE-82 code is employed to 
calculate the excitation functions of neutron, proton, 
deutron and alpha-particle induced reactions. It is capable 
of taking into account the emission particles in groups. 
They are neutron; neutron & proton; neutron, proton & 
alpha-particles; neutron, proton, deutron & alpha-particles. 
This code has the capability to do the theoretical 
excitation function calculations upto the energy range of 
200 MeV. Various parameters are required to use this code. 
They are optical model subroulines, used to calculate 
inverse reaction cross-section for neutron, proton, dei • ron 
1 \).) 
and alpha-particles. These are also used to calculate 
reaction & partial reaction cross-sections, when neutrons, 
protons ' or deutrons are projectiles. The equilibrium 
calculations of the excitation fur.ctions can be performed 
(4) 
either through hybrid model or geometry dependent hybrid 
model . Using Mayers-Swiatecki/Lysekil mass formula , 
the Q-values; neutron, proton, deutron, alpha-binding 
energies for all the product nuclei have been calculated. 
11 
The pairing energy term is taken as =7:ir-- For odd-even 
(A 
nuclei pairing term is taken as zero, for even-even nuclei 
pairing term is taken as + o and for odd-odd nuclei as - o . 
Equilibrium (EQ) Calculations 
To perform the equilibrium (compound) calculations the 
parameters like exciton number (no) & cost need not 
necessarily be given in the input data. But the level 
density parameter PLD is required. The core of the computer 
is divided in to a chart of nuclides as represented in Fig. 
4.1. There is a compound nucleus V7hich is formed at some 
excitation energy and with some cross-section. The Weisskopf 
( 7 ) 
- Ewing calculation is then used with a 1 MeV grid size 
to perform the evaporation of a neutron, proton, alphii or 
deuhron storing the residual nucleus population into the 
appropriate bin. For an S-wave calculation, a suitable 
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Fig. 4.1 Representation of logic flow of 
the code ALICE/LIVERMORE-82 
Iti i 
distribution of compound nucleus (CN) excitations is used as 
a starting point. 
In fig. 4.1 the logic or control then comes over to 
the A-1 bin, the bin following neutron emission, after the 
neutron, proton, deutror. & alpha emission residual nucleus 
populations have been stored. The code utilises the number 
of millibarns in the highest energy bin A-1 and 
redistributes that cross-section in the same manner. It then 
comes down to the next residual excitation bin, and so on, 
until it has redistributed all the cross-section and summed 
it in the appropriate bins of the residual nuclides. It 
repeats this logic, going across to A as far as requested by 
an input parameter (upto 11 mass units). Next it drops down 
in Z to the nucleons A-1, Z-1 and this process repeats 
itself, etc. . . 
Pre-equilibrium (PE) calculations 
The pre-equilibrium calculations of the excitation 
functions can be done using either hybrid model or geometry 
dependent hybrid model. Very few parameters are needed to be 
given as the input data. They are neutron and proton number 
of the target and projectile, the initial excition number 
(no), level density parameter (PLD), and the mean free path 
multiplier COST. Most of '^he other parameters are internal]/ 
i5>0 
(2,3) 
calculated. Tn the earlier version of this code, 
pre-equilibrium emission of only one particle (neutron or 
proton) was taken into acco:int. But with the increase in the 
excitation energy this assu:t,ption becoTies poor. The modified 
version of ALTCE/LTVERMORE-82code is capable of dealing with 
multiparticle emission in pre-equilibrium decay above 55 
MeV. The multiple emission of particle takes place in such a 
way that a nucleus may emit more than one exciton from a 
given exciton state i.e., 2P+ Ih (2 particle + 1 hole) state 
may emit upto 2 particles. For any statistical nuclear 
reaction 'a' is taken as equal to A/PLD, where PLD is some 
constant. Here PLD is the adjustable parameter. This is 
another advantage of this code. The geometry dependent 
hybrid model depends on the mean free path of two body 
interaction. The matrix element (M) for two bod/ interaction 
is not well known, the mean free path of this code is 
multiplied by (COST + 1), where cost is the free adjustable 
parameter. As such by varying cost the nuclear mean free 
path can be adjusted so as to reproduce the experimental 
excitation functions. 
Tn the present code following expressions have been 
used to calculate the single particle level densities for 
protons and neutrons. 
i r> J 
g = Z/20 [ (e^ + Rp + f.)/R^ ]^ 
and g == N/20 [ (G^ , + Bn -(- e)/^^ ] 
The level density jo(U) at an excitation energy U has been 
calcualted from the Fermi gas model using the expression : 
jo(U) = (O-cS) '^^^ exp [ 2 /a(u-<S ) ] 
where the symbols used have their usual meaning. 
Finally at channel energy £ the cross-section for the 
emission of particles may be represented by the following 
empression, according to the equilibrium decay model of 
Weisskopf Ewing as 
CO 
(dcr/d?) = 7f \ ^ ^ { 2 i + 1) T (2s . +1) 
X--0 
- ^  (21 + 1) T^jO ( E, T ) / D 
Where ) \ represents the reduced de-Broglie's wave length of 
the incident ion. T^ is the transmission co-efficient for 
the Ith partial wave, S , is the intrinsic spin of particle 
^ is the excitation energy in the emitting nucleus. D 
is the integral of numerator over all particles and emission 
energies. The provision for statistical fission calculations 
IS also available in tliis code using Bhor-Wheeler transition 
( 3 , q ) 
state model 
1 V u 
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CHAPTER-T 
RESULTS AND DISCISSION 
1 / 
RESULTS AND DISCUSSION 
Tn order to obtain a cleiar view of nuclear reaction 
nsechanisms more and more precise exer i mental data are 
needed. Experimental work has been carried out on a larger 
scale to study the excitation functions of alpha-particle 
induced reactions for various target nuclides 
Pioneering work in this field is that of Weisskopt and 
( 2 ) Ewing , who have experimentally meas"'.ired the excitation 
functions of { OC,n) reactions for some heavy nuclei. Later 
on, the excitation functions of alpha-induced reactions 
were measured in higher energy regions leading to the 
(3-9) 
exploration of different types of possible reactions '. 
However, larger discrepancies are found to exist in the 
reported values of the experimentally measured excitation 
cross-sections. In the past, the excitation functions have 
often been nalysed on the basis of compound nucleus model. 
Sufficient experimental evidences are now available to 
believe that equilibrium statistical model is merely unable 
to explain the high energy tail in the excitation functions 
of charged particle interaction with a nucleus. Based on 
103 177 this point of view, the excitation functions for Rh, T 
Cs, Br, Tl anc Pr have oeen 
experimentally measured in ^he energy range of 10-50 MeV. 
Tte results of these exper>:Gnts are discussed in detail in 
the following section^; of -^'*" i s chao-^^er. 
\u 
5.1 Experimental Results 
The experimentally measured cross-sections for 
Rh(o^,n) Ag, Rh(c<,,2n) Ag, 
103^^, , ^  sl04^ 
Rh( oc./ 3n) Ag 
127 179 127 127 
133^ , , _ ,135, 133^ . , . ,133, Cs(cxl,2n) La, Cs(o<.,4n) La 
79 , 82m ^ 81^ , ^ , 82m„^ Bv{oC,n) Rb + Br(CKL<3n) Rta 
^^Br( o<:. 2n)^^Rb + ^^Br ( (X , 4n ) ^ ^Rb 
^^Br( o,i. 2n)^ -'^ Rb, ^^Br ( ex. 4n ) ^ ^.Rb, 
2 0 3^ -,, N206„. 205^,. ^ N206„. Tl ( o<,n ) B i t Tl ( oo 3n ) Bi , 
2^3 ,, ^206„. 205^,, ^ ,206„. 
Tl (o^ - , n) Bi , Tl ( oL, 3n} Br , 
203 20S 705 705 . 
Tl(o<,2n) Bi + • TUcxi,4n)' Bi, 
703 2ns 205 ,205 
^ Tl(oc,2n) Bi, Tl(c>^,4n) Bi, 
203,^,, ^ x204,,. 203^,, ^ N203„. Tl(o<L,3n) Bi, Tl{cX,,4n) Bi, 
141^ , ^144,^ ^ 141,, , ^ xl43,, 
Pr(o<i,n) Pm and Pr{o<i,2n) Pm 
reactions are tabulated in Tables 5.1.1-5.1.9. The measured 
excitation functions for the above reactions given in the 
tables are the weighted average of the cross-section values 
corresponding to various identified gamma-rcys. Weak 
gamma-rays as well as gamma-rays having energies higher 
than 1. T* MeV are riOt taken into consideration because of 
their low detection efficiencies. All the spectroscopic 
data re''ated with product nuclei were taken from Table of 
l/o 
(10) isotopes . The tabulated valnes are plotted in Figm-es 
5.3.1-5.3.21. To r_he best' of our knowledge no earlier 
measurements are avi.lable in the literature for this energy 
region. In these figures solid points represent the 
measured cross-section, the horizontal bars are the alpha 
particle energy spread within the target thickness along 
with the inherent uncertainty in the OC-particle beam 
energy. If no bar is plotted, this shows that the magnitude 
of error lies within the size of the circle it self. 
5.2 Theoretical calculations using 
ALTCE/LTVERMORE-82 
'"he computer code ALTCE/LIVERMORE-E 2 is capable of 
performing the theoretical excitation function calculations 
up to an energy range of 200 MeV. The details of the 
programme and pre-equilibrium theoriesinvolved are given in 
Refs. 11-13. The theoretical excitation functions are 
calculated in the frame work of Geometry Dependent Hybrid 
(12) (GDH) model " . Tn this model, calculations were performed 
using the compound Nucleus Model, with and without 
inclusion of pre-equi1ibrium (PE) particle emission. The 
analysis of the equilibrium part has been done by the 
compound nucleus model of Wei sskopf-Ewi ngl ( 2) ' "^'^^ ^ that 
( 1 o ) 
of the PE part has been done using the ODH Model "' . 
1 / 
Table 5.1.1 
Measured cross-sections foroC-induced reactions on Rh 
13, 
18, 
24, 
29, 
35. 
39. 
1 
.59 
.92 
.66 
.61 
,01 
.88 
+ 
+ 
+ 
+ 
+ 
+^  
0.62 
0.59 
0.59 
0.57 
0.57 
0.56 
Reaction 
Product 
nucleus 
Cross-
tot, h) 
106m, 
Ag 
46.0 
161.9 
27.6 
12.8 
8.0 
9.0 
+ 
+ 
+ 
+_ 
•¥_ 
+ 
-sections a*(mb) 
2.5 
1.4 
0.7 
1.8 
1.3 
1.1 
( ot, : 
295.8 
1029.8 
905.6 
265.9 
124.4 
2n) 
+ 
+ 
+ 
+ 
+ 
1 
15.1 
9.8 
46.0 
9.1 
10.0 
(oC, 3n) 
104, 
Ag 
153.0 ±_ 7.9 
944.0 + 3.9 
1030.0 + 68.1 
1 / .i 
Table 5.1.2 
127 Measured cross-sections forO^-induced reactions on I 
Cross-sections (y"(rab) 
J. Reaction ( flC , 2n) ( OC , 4n) 
(MeV) Product 129 127 
nucleus " '-^  
18.06 + 0.57 137.7 + 17.6 
19.78 + 0.56 618.6 + 74.4 
21.39 + 0.56 1040.6 + 123.9 
24.26 + 0.56 1165.9 ±_ 138.5 
26.87 + 0.55 1214.7 + 144.2 
30.37 +_ 0.55 1346.1 ±_ 159.2 
33.63 + 0.54 628.4 + 75.3 
36.68 ^ 0.54 255.2 i 31.6 
39.57 + 0.54 187.0 + 24.6 105.0 + 17.7 
42.36 + 0.54 99.6 + 18.0 281.9 + 41.1 
44.99 _^ 0.53 75.9 +_ 18.5 636.5 + 92.5 
47.50 + 0.53 62,6 + 19.9 839.0 + 123.8 
49.93 + 0.53 51.6 + 21.3 821.5 + 128.7 
l / o 
Table 5.1.3. 
133, 
Measured cross-sections for oC -induced reactions on Cs 
(MeV) 
Reaction 
Product 
nucleus 
Cross-sections(P (mb) 
( OC , 2n) 
135 
La 
( oC , 4n) 
133 
La 
1 8 . 0 6 + 0 . 5 7 
1 9 . 7 8 + 0 . 5 6 
2 1 . 3 9 + 0 . 5 6 
2 4 . 2 6 + 0 . 5 6 
2 6 . 8 7 + 0 . 5 5 
3 0 . 3 7 i 0 . 5 5 
3 3 . 6 3 + 0 . 5 4 
3 6 . 6 8 + 0 . 5 4 
3 9 . 5 7 + 0 . 5 4 
4 2 . 3 6 i 0 . 5 4 
4 4 . 9 9 + 0 . 5 3 
4 7 . 5 0 + 0 . 5 3 
1 1 8 . 7 + 1 7 . 7 
5 4 5 . 1 + 7 0 . 3 
9 6 1 . 3 + 1 2 0 . 0 
1 0 9 8 . 8 + 1 2 6 . 4 
1 1 5 4 . 8 + 1 3 3 . 5 
5 0 0 . 1 + 5 7 . 8 
2 5 9 . 3 + 3 7 . 1 
2 4 1 . 9 + 3 4 . 5 
1 7 3 . 9 + 2 8 . 8 
1 0 7 . 9 + 2 5 . 6 
1 2 5 . 9 + 4 1 . 2 
9 8 . 7 + 4 7 . 9 
288.4 + 43 .8 
4 5 7 . 0 i 6 8 . 9 
1 1 5 6 . 6 + 1 6 7 . 2 
1 6 8 4 . 4 + 2 4 0 . 7 
. 1 / -
T a b l e 5 . 1 . 4 
79 81 
Measured c r o s s - s e c t . i o n s f o r o C - i n d u c e d r e a c t i o n s on Br and Br 
(MeV) 
Target 
nucleus 
Reaction 
Cross-sections (r"(mb) 
^^Br ^ "Br 
(Ot, n) + (ot, 3n) 
79„ + 81„ 
Br Br 
( oC,2n) + (oC, 4n) 
Product 
nucleus 
82tn Rb 81 Rb 
1 1 . 9 3 + 0 . 6 8 
1 6 . 1 1 + 0 . 6 5 
1 9 . 6 5 + 0 . 6 3 
2 2 . 8 0 + 0 . 6 2 
2 5 . 6 5 + 0 . 6 1 
2 8 . 3 1 +_ 0 . 6 0 
3 0 . 2 8 + 0 . 6 0 
3 2 . 9 7 ± 0 . 5 9 
3 5 . 2 1 + 0 . 5 9 
3 7 . 3 4 ± 0 . 5 8 
4 0 . 2 9 + 0 . 5 8 
4 3 . 0 9 + 0 . 5 7 
4 6 . 5 6 i 0 . 5 7 
4 9 . 8 5 + 0 . 5 7 
2 . 1 + 0 . 6 
1 3 1 . 2 + 1 7 . 9 
1 7 2 . 6 + 2 3 . 2 
7 2 . 2 + 1 0 . 3 
3 0 . 6 + 5 . 0 
2 3 . 2 + 4 . 0 
1 1 2 . 7 + 1 4 . 5 
2 3 8 . 4 + 2 9 . 1 
2 6 8 . 4 + 3 2 . 8 
2 7 6 . 0 + 3 3 . 7 
2 4 6 . 3 + 3 0 . 3 
1 4 5 . 7 + 1 8 . 5 
1 4 5 . 8 + 1 8 . 8 
1 0 5 . 3 + 1 4 . 2 
150 
358, 
456, 
345 
186, 
206 
146, 
106, 
88, 
75, 
136, 
212, 
.6 
.0 
.7 
.6 
.6 
.3 
.1 
.5 
.3 
.4 
.7 
.0 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
19, 
43. 
55. 
41, 
22. 
25. 
18. 
13. 
11. 
10. 
17, 
26, 
.8 
.8 
.1 
,9 
,5 
.0 
.2 
.7 
,8 
.1 
.4 
.5 
1 / 
Table 5.1.5 
79 81 
Measured cross-sections for oC-induced reactions on Br and Br 
(MeV) 
Rarqet 
nucleus 
Reaction 
Cross-sections Cdnb) 
^^Br 
(. oC , 2n) 
8^Br 
( oC . 4n) 
Product 
nucleus 
81 Rb 81 Rb 
1 9 . 6 5 + 0 . 6 3 
2 2 . 8 0 + 0 . 6 2 
2 5 . 6 5 + 0 . 6 1 
2 8 . 3 1 i_ 0 . 6 0 
3 0 . 2 8 + 0 . 6 0 
3 2 . 9 7 + 0 . 5 9 
3 5 . 2 1 + 0 . 5 9 
3 7 . 3 4 +_ 0 . 5 8 
4 0 . 2 9 + 0 . 5 8 
4 3 . 0 9 + 0 . 5 7 
4 6 . 5 6 + 0 . 5 7 
4 9 . 8 5 + 0 . 5 7 
150.6 + 19.8 
358.0 + 4 3 . 8 
4 5 6 . 7 + 5 5 . 1 
3 4 5 . 6 + 4 1 . 9 
1 8 6 . 6 + 2 2 . 5 
2 0 6 . 3 + 2 5 . 0 
1 4 6 . 1 + 1 8 . 2 
1 0 6 . 5 + 1 3 . 7 
7 3 . 0 i 1 2 . 6 
5 7 . 0 + 8 . 9 
4 3 . 0 + 5 . 5 
3 1 . 0 + 4 . 0 
1 6 . 2 + 4 . 7 
1 9 . 4 + 3 . 2 
9 8 . 8 i 1 2 . 5 
1 9 0 . 6 + 2 3 . 8 
l / : i 
Table 5.1.6 
203 205 Measured cross-sections for o6-induced reactions on Tl and Tl 
(MeV) 
Target 
nucleus 
Reaction 
Cross-sections 0~(mb) 
203^^ + 205^^ 
(OC, n) + (OC, 3n) 
Tl 
(oC, n) 
205„, Tl 
(oC, 3n) 
Product 206„. 
, Bi 
nucleus 
206„. 
Bi 
34.9 
23.3 
23.0 
19.0 
14.0 
12.0 
9.5 
7.8 
5.8 
4.8 
+ 
+ 
+_ 
+ 
+ 
+_ 
+ 
+_ 
+_ 
+ 
6.8 
5.6 
2.8 
2.4 
1.7 
1.5 
1.2 
1.0 
0.8 
0.7 
206„. 
Bi 
316.1 
406.4 
520.2 
631.1 
354.8 
276.2 
159.3 
213.0 
+_ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
42 
53, 
69-
83, 
46, 
36, 
24. 
28, 
.2 
.5 
.5 
.8 
,0 
.8 
.0 
.7 
22.29 + 0.70 34.9 + 6.8 
25.24 + 0.68 23.3 + 5.6 
29.04 + 0.67 771.1 + 102.9 
31.94 + 0.66 980.7 + 129.2 
34.35 + 0.65 1244.9 + 166.4 
36.63 + 0.64 1510.3 + 200.2 
39.72 + 0.64 849.2 + 128.4 
42.68 + 0.63 661.5 + 95.8 
46.31 + 0.62 382.7 + 61.9 
42.76 + 0.61 508.9 + 81.0 
1 M) 
Target 
nucleus 
Reaction 
Cross-sections ff~(mb) 
203^j^ + 205^^ 203^^ 
( o(, 2n) + ( ot, 4n) (oC, 2n) 
Tl 
(OC , 4n) 
Table 5.1.7 
Measured cross-sections for oC-induced reactions on Tl and Tl 
(MeV) 
P r o d u c t 2 0 5 _ . 2 0 5 „ . 2 0 5 „ . 
- B l B l Bi 
nuc leus 
2 5 . 3 + 0 . 6 8 4 7 5 . 1 ± 6 0 . 3 4 7 5 . 1 + 6 0 . 3 
2 9 . 0 4 + 0 . 6 7 6 1 4 . 2 + 8 8 . 4 6 1 4 . 2 + 8 8 . 4 
3 1 . 9 4 i 0 . 6 6 1 8 6 . 2 + 3 8 . 9 1 8 6 . 2 +_ 3 8 . 9 
3 4 . 3 5 + 0 . 6 5 9 4 . 4 + 3 6 . 1 9 4 . 4 + 3 6 . 1 
3 6 . 6 3 + 0 . 6 4 2 0 9 . 4 + 5 4 . 7 1 2 0 . 0 + 1 6 . 6 3 7 . 8 + 1 6 . 0 
3 9 . 7 2 + 0 . 6 4 6 6 9 . 4 +_ 1 0 6 . 5 8 8 . 0 + 2 0 . 7 2 4 5 . 7 + 4 0 . 3 
4 2 . 6 8 + 0 . 6 3 1 6 5 5 . 3 + 2 2 8 . 5 6 5 . 0 + 8 . 2 6 7 1 . 9 + 9 3 . 1 
4 6 . 3 1 + 0 . 6 2 2 0 8 7 . 2 + 2 8 1 . 8 5 2 . 0 + 6 . 7 8 5 9 . 9 + 1 1 6 . 3 
4 9 . 7 6 + 0 . 6 1 1 3 7 4 . 7 + 2 0 2 . 1 4 1 . 0 + 5 . 0 5 6 3 . 4 + 8 3 . 2 
Table 5.1.8 
203 
Measured cross-sections for oC -induced reactions on Tl 
1 s. 
C r o s s - s e c t i o n s <r"(mb) 
r Reac t ion ( o t i 3n) ( OC / 4n) 
'^OL _ _ _ _ _ _ 
(MeV) P r o d u c t 2 0 4 „ . 2 0 3 „ . 
_ 1 t> l til 
n u c l e u s 
3 1 . 9 4 + 0 . 6 6 3 9 1 . 5 + 5 7 . 1 
3 4 . 3 5 + 0 . 6 5 5 6 0 . 8 + 8 2 . 1 
3 6 . 6 3 + 0 . 6 4 7 9 0 . 4 + 1 1 0 . 9 1 8 . 6 ± 1 0 . 4 
3 9 . 7 2 + 0 . 6 4 5 5 0 . 8 + 7 9 . 2 8 0 . 0 ^ 1 7 . 7 
4 2 . 6 8 + 0 . 6 3 5 3 8 . 8 + 7 8 . 3 3 3 3 . 5 + 5 1 . 4 
4 6 . 3 1 + 0 . 6 2 4 0 2 . 3 + 6 1 . 8 5 3 6 . 3 +_ 7 7 . 8 
4 9 . 7 6 + 0 . 6 1 9 6 7 . 8 + 1 3 1 . 8 4 6 7 . 2 + 7 0 . 0 
Table 5.1.9 
Measured cross-sections for oC -induced reactions on Pr 
1 > . 
Cross-sections O^(mb) 
p Reactions (ot. n ) (oC. 2n) 
(MeV) Product 144p^ 143p^ 
nucleus 
15.71 + 0.94 19.9 + 3.2 
1 8 . 2 4 + 0 . 9 0 1 3 9 . 8 + 1 7 . 8 1 6 8 . 1 + 2 1 . 2 
2 5 . 9 7 + 0 . 8 2 2 1 . 3 + 3 . 8 4 7 2 . 5 + 5 6 . 7 
3 0 . 1 4 + 0 . 7 9 1 1 . 9 + 2 . 4 1 9 1 . 8 + 2 3 . 6 
3 5 . 9 2 + 0 . 7 6 1 0 . 0 + 2 . 1 9 9 . 5 + 1 2 . 6 
4 4 . 5 7 + 0 . 7 2 5 . 2 + 1 .7 6 6 . 6 + 9 . 7 
1 i.; 
However, the contribution from the PE process has be^ rn 
included only in the first step of evaporation. f-r 
performing these calculations the computer code 
ALTCE/LTVERMCRE-82 has been used. Generally this code is 
useful in calculations of the excitation functions of 
neutron, proton, deutron and alpha-particle. Tt is al=o 
capable of taking into account, the emission of particles in 
groups. These groups are neutron; neutron and proton; 
neutron, proton and alpha-particles; neutron, proton, 
deutron and alpha-particles etc... besides the evaporation 
of neutrons and protons. In the Weisskopf-Ewing formulation, 
the concervatior. of angular momentum is not taken into 
account (explicitly. However, an approximate treatment of 
angular momentum effect is incorporated by using S- wave 
approximation. 
Tn the GDH Model the intranuclear transition rates may 
be evaluated both from the imaginary optical potential 
parameters of Becchetti and Greenless and Pauli 
corrected nuclear-nuclear scattering cross-sections 
( 17 ) Beth the above methods give similar results . However, 
optical model parameter set is valid upto 55 MeV projectile 
energies. Tn the present calculations trie latter option has 
been used the nuclear masses were calculated from the Myers 
( 1 R ) 
and Swiatecki Lysekil mass formula . The mean free pa*^ h 
LS-i 
(MFP) i r; required to calculate the intranuclear transi*:ion 
rates. As the calculated MFP for two-body residual 
interactions may differ from the actual MFP, an adjustable 
parameter cost is provided in the code to match the 
experimental and theoretical excitations functions. The 
theoretical calculations were performed using different 
values of the parameter COST. The initial configuration cf 
the initially excited number of particles and holes, alsc 
referred to as initial exciton number n^ , is the starting 
point in any particle induced nuclear reaction. As such the 
initial exciton number no is an important parameter. The 
level density parameter is alsc an important aspect in these 
calculations. Tn this code the level desity "a" = A/PLC' is 
taken, vshere A is the mass number and PLD is the level 
density parameter. With the choice of appropriate set of 
these parameters the theoretical calculations have t^ een 
performed. 
5.3 Comparision of Experimental Results with 
Theoretical Predictions 
The experimental values of excitation functions are 
compared with the rheoretical model calculations. In the 
computer code ALTCE/'LTVERMORE-82 their are three adjustable 
parameters namely exciton number (no), level density 
parameter (PLD) and mean free path multiplier (COST). The 
exciton nimber (no) decides the initial configuration of the 
•^^  ' l 
compound nucleus ,^Q) calculations. The dotted lines 
represent the pure equilibrium model and the solid lines 
represent the pre-compound geometry dependent hybrid mode'' 
(GDH) calc\ilations. The experimental values have been 
plotted alongwith theoretical calculations with different 
parameters like no, PTD and COST for all the reactions. 
Presently measured excitation functions for the 
. 103^^ 127^ 133^ 79,81„ 203,205^, 
various reactions ot Rh, T, Gs, Br, Tl 
141 
and "Pr are represented figuratively in Figs. 5.3.1-5.3.21 
respectively. 
It is evident from Figs. 5.3.1 - 5.3.21 that the 
pre-compound contribution is more significamt at higher 
energies. Tt is found that the exciton, number no = 4 witn 
the configiiration (2+2 + 0) i.e., 2 proton + 2 neutron 4 0 
hole gives the good agreement with experimental excitation 
functions. 
5.4 Conclusion 
In our study of the excitation functions for alpha 
• ^ ^ .• -^ v, m .. 103^^ 127^ 13^ 79,8]„ induced reactions with Targets Rh, I, Cs, Br, 
'^ Tl and "' Pr as shov/n in Figures 5.3.1 - 5.3.21, it 
is concluded that. high energy tail of the measured 
excitation functions cannot be accounted for by pure 
compound nucleus decay mechanism and the pre-equi1ibrium 
l ^ b 
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(PE) particle emiss-ion must be considered alongwith the 
equilibrium decay. T<- IS also concluded that emission of 
particles may take place prior to the establishment of the 
thermcdynami'::al equilibrium of the compound nucleus. 
Moreover, (PE) fraction increases as the excitation 
energy increases. Tt is also inferred that for 
alpha-parti c"'e induced reactions, the choice of initial 
exciton number no = 4 v;ith the configuration (2 protons + 2 
neutrons + 0 hole) gives satisfactory result and support the 
finding of many earlier investigators ' . 
2\l•^ 
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Abstract. The excitation functions for the reactions '^^I(a,2n)'"Cs. '^^I(a,4n)'"Cs, '•"Cs(a,2n) 
'•''La and '^ •^ Cs(a,4n)''*^La have been measured up to *;50MeV a-particle energy using the 
stacked foil activation technique. Measured excitation functions are compared with pre-equilibrium 
geometry dependent hybrid model calculations. It has been found that theoretical calculations 
using an initial exciton number n,, = 4 (2p + 2n + Oh) give good agreement with experimental 
excitation functions. 
Keywords, a-induced reaction on I and Cs; stacked foil activation technique; £, ^ 50 MeV. 
PACS No. 25-60 
1. Introduction 
Nuclear reactions induced by intermediate energy a-particles have been a point of 
interest during the last decade. The highly excited nuclear system, produced by 
projectile bombardment decays first by emitting a number of fast nucleons or clusters 
of nucleons at the pre-equilibrium (PE) stage and later on by evaporating low energy 
nucleons at the equilibrium (EQ) stage. The high energy tail observed in the experimen-
tal excitation functions may be explained through the PE emission process. Many 
semiclassical models [1-5] have been proposed to explain the features of the experi-
mental excitation functions. Among these, the geometry dependent hybrid (GDH) 
model proposed by Blann [4] has been found to give a satisfactory reproduction of the 
experimental data. Efforts have been made to develop a fully quantum mechanical 
(QM) picture of PE reaction in the framework of multistep theories [6-10]. However, 
on account of the complexity involved in computation, the theoretical calculations for 
four nucleon systems like a-particle have not been found to give satisfactory results. 
The work presented here is a part of the programme of precise measurement of 
excitation functions for a-induced reactions, currently under way [11-19]. We report 
on the measurement of excitation functions for the alpha induced reactions on ' ^  ^  I and 
'^^Cs. These reactions are important from the point of view of Csl detector design. 
2. Experimental details 
Excitation functions for the reactions '^^I(a,2n)'2'^Cs, '"I(a,4n)'^'^Cs, '"Cs(a,2/i) 
'^ 'La and '^^Cs(a, 4n)'^^La up to x 50 MeV have been measured using stacked foil 
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activation technique and Ge(Li) gamma-ray spectroscopy. The experiment was per-
formed at the Variable Energy Cyclotron Centre (VECC), Calcutta. Spectroscopically 
pure (SPECPU RE) cesium iodide sample was used as the target material. The purity of 
the material was better than 99-9%. Targets were made by vacuum evaporation of 
about 1 mg/cm.^ thick cesium iodide on an aluminium backing of thickness 
6-75mg/cm^, placed over the masking plate. In the masking plate there were thirteen 
open squares of size 12 mm x 12 mm, Since, Csl is a hygroscopic compound, a thin Al 
layer of thickness 200 [ig/cm^ was further deposited by vacuum evaporation onto the 
upper surface of the prepared Csl target, so that the moisture may not affect the target 
surface. These targets were cut into pieces and glued on aluminium frames of size 
30 mm X 30 mm having a circular hole of diameter 10 mm in the centre. Samples for 
irradiation were taken in the form of a stack of these targets. Aluminium foil of various 
thicknesses were used as energy degraders and were sandwiched between the target 
foils whereever required so as to get the desired a-particle energy incident on each foil. 
The energy of incident a-particle on each foil in the stack was calculated from the 
energy degradation of incident a-particle beam using the stopping power tables of 
Northcliffe and Schilling [20]. The stack consisting of thirteen such targets was 
irradiated with a 50MeV a-particle beam. By using a tantalum collimator placed in 
front of the stack the diameter of the beam spot was adjusted to 8 mm. The stack was 
screwed at the centre of the flange and was electrically insulated from the beam line. 
During irradiation the stack was cooled by a specially designed assembly through 
which low conductivity water (LCW) circulated. The stack was exposed to the 
unanalyzed external beam from the 224 cm variable energy cyclotron of VECC, 
Calcutta. The collimated a-particle beam of » lOOnA falling on the target stack was 
monitored by charge collection using a Faraday cup, kept behind the target stack and 
coupled to an ORTEC current integrator. In many experiments the incident alpha 
beam flux has also been independently obtained using the standard reactions 
"^A!(a, 4p5«)^^Na and ^^Al(a,4p3n)^'*Na for which the cross-section are said to be 
very well known [21]. However, in the present measurements the average incident 
a-beam flux was obtained from the total charge collected in the Faraday cup. After 
irradiation the induced gamma activities in individual foils were recorded with the help 
of a pre-calibrated high resolution 100 cm ^  ORTEC Ge(Li) detector (FV^HM 2 keV at 
1-33 MeV) coupled to a CANBERRA-88 multichannel analyzer. The dead time for 
counting was kept less then 10% by adjusting the sample detector separation in these 
measurements. Several spectra were recorded at suitable time intervals to enable the 
identification of the half-lives of various residual nuclei. Various gamma-rays from 
a calibrated '^^Eu source (half-life 1333 years) were used for the efficiency and the 
energy calibration of the counting unit. The expression used for computing the 
experimentally measured cross-sections is taken from ref. [22]. The reaction cross-
section ff(E) at a given energy E, was calculated using the expression 
X/iexp(/lf2) 
a{E)--
Aro0(D(G£)/C[l-exp(-/lfi)][l-exp(-Af3)] 
where K = [1 - exp(— nrf)]/(na!) is the correction for self absorption of gamma rays in 
the sample of thickness d (gm/cm^) and of absorption coefficient n(cm^/gm); A is the 
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area under photo peak, k is the decay constant of the residual nucleus, f,, r, and f, are 
respectively the period of irradiation, time lapsed between the stop of irradiation and 
the start of counting and the counting period, N^ is the number of target nuclei in the 
sample. $ is the incident a-beam flux, (Gs) is the geometry dependent efficiency of the 
detecting unit and 9 the branching ratio for the specific gamma ray. 
The activation cross-section for a given reaction has been determined from the 
intensities of the various identified gamma rays arising from the same residual nuclei. 
The reported value is the weighted average cross-section corresponding to various 
identified y-rays of sufficient intensity. The spectroscopic data used in the cross-section 
measurement are taken from the table of isotopes [23]. The threshold energy for 
various reactions involved, half-lives, gamma ray energies and their absolute intensities 
are given in table 1. A typical observed gamma ray spectrum of Csl irradiated by 
% 50 MeV a-particles is shown in figure 1. As can be seen from figure 1, various peaks in 
the spectrum originate due to various residual nuclei produced through different 
reactions. The reactions were identified by the characteristic y-rays produced by the 
residual nuclei. The y-ray of energy 372 keV (30-8%) is emitted from the residual nuclei 
'^^Cs produced via '^ I(a,2n) reaction. Further, as seen from the observed spectrum 
(figure 1), the 372 keV y-ray looks like a doublet. The area under photopeak of interest 
was obtained using the peak fitting program of the CANBERRA-88 multichannel 
analyzer and an uncertainty of about < 10% in the area of photopeak for 372 keV has 
Table 1. Reactions, threshold energies, half-lives of residual nuclei, y-ray energies 
and branching ratios of gamma-decay. 
Reaction 
'"I(a,2n)>2''Cs 
' " I (a ,4n) ' ' "Cs 
'-"Cs(a,2n)'-'-'La 
' "Cs (a ,4n) ' "La 
Threshold 
energy 
(MeV) 
15-6 
33-6 
15-6 
33-4 
Half 
life 
Tl,2 
l'34d 
6-25 h 
19-48 h 
3-90 h 
Gamma-ray 
energy 
(MeV) 
0-177 
0-279 
0-318 
0-372 
0-412 
0-549 
0-589 
0-125 
0-321 
0-412 
0-462 
1-197 
1-30-7 
0-481 
0-279 
0-302 
0-565 
0-618 
0-622 
0-846 
Absolute 
gamma-ray 
mtensitv 
(%) 
0-27 
1-33 
2-46 
30-80 
22-50 
3-42 
0-61 
15-60 
1-24 
58-00 
4-20 
0-17 
0-15 
1-54 
1-90 
1-24 
0-5! 
0-80 
0-49 
0-48 
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Figure 1. A typical gamma-ray spectrum of Csl irradiated by « 50 MeV a-particle 
beam. 
been obtained. As seen from table 1, the y-ray of 412-0 keV is produced via two different 
reactions i.e., ^^''I(a,2n)'^^Cs and ^^^I(a,4n)'^"'Cs. Therefore, in the observed y-ray 
spectrum beyond 33-6 MeV incident energy of alpha-particles (threshold for (a, 2n) 
reaction), the intensity of 412-0 keV y-ray will have a contribution due to both these 
reaction channels. However, below 33-6 MeV the contribution will be due to '^^I(a, 2n) 
^^^Cs reaction only. In the present calculations the y-ray of 412-OkeV is used for the 
measurement ofcross-sectionof(a,2n) reactions in ^^''lupto « 33 MeV only. As can be 
seen from table 1, the y-ray of 549 keV (3-42%) and 589 keV (0-61%) are emitted from 
the residual nucleus ^ ^ ' Cs produced in the ^ ^  ^ I (a, 2n) reaction. Therefore, the intensity 
of 549 keV y-ray should be stronger than the 589 keV y-ray. However, from the 
observed spectrum (figure 1) it may be seen that the 589 keV y-ray appears to be 
stronger than 549 keV y-ray. The main reason for this anomoly may be that some 
interfering y-rays, like £y « 585 keV (0-2%) from the residual nucleus ' ^^La produced 
in ^ ^ ^Cs(a, 4n), may be emitted which may contribute to the intensity of 589 keV y-rays. 
As such the 589 keV y-ray has not been used for computing the cross-section for 
^^''l(a,2n)^^^Cs reaction. The presently measured cross-sections at different energies for 
the reactions '''l{a,2nV^^Cs, i"I(a,4n)i"Cs, i"Cs(a,2n)i3'La and ^"Cs(a,4n)'"La 
are tabulated in tables 2 and 3, alongwith the overall errors, including statistical errors of 
counting, expected due to various factors mentioned in §2-1. 
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Table 2. Measured cross-sections for a-induced reaction in '•^^I. 
'"I(a,2n)'"Cs '"I(a,4«)i"Cs 
£j,(MeV) Cross-section (mb) Cross-section (mb) 
18-06 ±0-57 136-7+17-6 
19-78 + 0-56 618-6+74-4 
21-39 + 0-56 1040-6+123-9 
24-26 + 0-56 1165-9+138-5 
26-87 + 0-55 1214-7+144-2 
30-37 + 0-55 1346-1 + 159-2 
33-63 + 0-54 628-4 ± 75-3 
36-68 + 0-54 255-2 + 31-6 
39-57 + 0-54 187-0 + 24-6 105-0+17-7 
42-36 + 0-54 99-6+18-0 281-9 + 411 
44-99 + 0-53 75-9+18-5 636-5 + 92-5 
47-50 + 0-53 62-6 + 19-9 839-0+123-8 
49-93 + 0-53 51-6 + 21-3 821-5+128-7 
Table 3. Measured cross-sections for a-induced reaction in '^'Cs. 
'"Cs(a,2n)'"La '"Cs(a,4n)'"La 
£,(MeV) Cross-section (mb) Cross-section (mb) 
18-06 + 0-57 118-7+17-7 
19-78 + 0-56 545-1 + 70-3 
21-39 + 0-56 961-3+120-0 
24-26 + 0-56 1098-8+126-4 
26-87 + 0-55 1154-8+133-5 
30-37 + 0-55 500-1 + 57-8 
33-63 + 0-54 259-3 + 37-1 
36-68 + 0-54 241-9 + 34-5 
39-57 + 0-54 173-9 + 28-8 288-4 + 43-8 
42-36 + 0-54 107-9 + 25-6 457-0 + 68-9 
44-99 + 0-53 125-9 + 41-2 1156-6+167-2 
47-50 + 0-53 98-7 + 47-9 1684-4 + 240-7 
2.1 Experimental errors 
The uncertainties may arise in measured cross-sections due to the errors in the 
estimation of target nuclei in the sample, the variation of the beam current which results 
in uncertainty of the incident flux, the uncertainty in the detector efficiency determina-
tion due to the statistical errors of counting of standard source, the uncertainty due to 
the solid angle effect due to non-reproducibility of the identical geometries for the 
standard source and the irradiated samples, etc. The additional uncertainties in 
measured cross-sections may come up due to the nuclei recoiling out of the sample. In 
some cases where intensity of activities produced in the irradiated samples were large, 
the dead time of the detector may also introduce uncertainty in the measured 
cross-section. The low energy neutrons which are produced when the beam traverses 
the stack material may also disturb the yield. 
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Analyses for all the above mentioned factors, expected to introduce errors have been 
done. In order to estimate the uncertainty in the number of target nuclei and to check 
the thickness and uniformity of the sample, pieces of sample foils were weighed on an 
electronic microbalance and the thickness of each piece was calculated. The errors in 
the estimation of the number of target nuclei were analyzed in this way and were 
estimated to be < 1%. The uncertainty due to flux variation is < 4%. The uncertainty 
in the detector efficiency due to the statistical error of counting is estimated to be 
< 1-5%. However, the uncertainty due to the sohd angle effect, since the irradiated 
samples were not point sources, is estimated using the prescription given by Gardner 
and Verghese [24] and is found to be < 5%. Therefore, the total uncertainty in the 
efficiency is estimated to be < 6-5%. To avoid the uncertainty due to recoihng of the 
nuclei out of the sample, the targets were placed perpendicular to the incident 
alpha-beam such that Csl deposition faced the incident beam. As such, the recoiling 
nuclei are likely to be trapped in Al backing. Hence, no correction is applied for that. In 
order to minimize the errors due to the dead time, particularly for the cases where the 
activity in the irradiated samples were large, the sample-detector distance was suitably 
adjusted to keep the dead time< 10%. However, the corrections were applied in the 
counting rates accordingly. Also, as the beam traverses the stack material, low energy 
neutrons may be released, which in turn may disturb the yield. However, Ernst et al 
[25] have indicated that such disturbing yields are also negligible. 
The overall error due to all these factors, as mentioned above, is expected to be 
< 12%. The errors mentioned in cross-section in tables 2 and 3 are the overall error 
including the statistical errors of counting and are generally < 20% except for a few 
points. These errors do not include the uncertainty of the nuclear data such as the 
branching ratio, decay constant, etc., which are taken from the table of isotopes and the 
nuclear data sheets. 
3. Results and discussion 
Presently measured excitation functions for the reactions ^^^I(a,2n)'^^Cs and 
'^^I(a,4n)'^^Cs are shown in figure 2 and for reactions '^^Cs(a,2n)'^^La and 
'^^Cs(a,4n)^^^La are shown in figure 3 respectively. To the best of our knowledge no 
earlier measurement has been done in the above energy region for these reactions. In 
these figures dark as well as open circles represent the measured cross section. The 
horizontal bars are the a-particle energy spread within the target thickness alongwith 
the inherent uncertainty in the a-particle beam and verticle bars represent the overall 
uncertainty in the measured cross-sections. 
A computer code ALICE/LIVERMORE-82 [26] has been used for calculating the 
excitation functions theoretically. This code is capable of performing the theoretical 
excitation function calculations up to an energy range of 200 MeV. 
The theoretical calculations of the excitation functions has been done within the 
framework of Weisskopf-Ewing model [27] for CN calculations while the PE calcula-
tions are performed employing geometry dependent hybrid-model of Blann [4]. In the 
Weisskopf-Ewing formulation, the conservation of angular momentum is not taken 
into account explicitly. However, an approximate treatment of angular momentum 
effect is incorporated by using s-wave approximation [[28]. In the GDH model the 
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intranuclear transition rates may be evaluated both from the imaginary optical 
potential parameters of Becchetti and Greenlees [29] and from Pauli corrected 
nucleon-nucleon scattering cross-sections [30]. Both the above methods give simikr 
results [31]. However, optical model parameter set is valid up to 55MeV projectile 
energies. In the present calculations the latter option has been used. The nuclear masses 
were calculated from the Myers and Swiatecki Lysekil mass formula [32]. The mean 
free path (MFP) is required to calculate the intranuclear transition rates. As the 
calculated MFP for two-body residual interactions may diflfer from the actual MFP, an 
adjustable parameter COST is provided in the code to match the experimental and 
theoretical excitation functions. The theoretical calculations were performed using 
different values of the parameter COST and a value of 3 best fits the data. The initial 
configuration of the initially excited number of particles and holes, also referred to as 
initial exciton number Wg is the starting point in any particle induced nuclear reaction. 
As such the initial exciton number ng is an important parameter of PE calculations. In 
the present calculations the initial exciton configuration Wg = 4 (2 protons + 2 neutrons 
and no hole) for a-particle is taken. 
The level density parameter is also an important parameter in these calculations. In 
this code the level density a = (A/PLD) is taken, where A is the mass number and PLD is 
the level density parameter. Though, the default option for the PLD is 9, a value of 
PLD = 10 {a = A/\0)is found to give satisfactory reproduction of the data. With the 
10' 
' 2 7 i ( o C , 2 n ) ' 2 9 c s 
• Present Work O Present work 
PE+CN 
- - CN 
20 
Figure 2. Experimentally measured and theoretically calculated excitation func-
tions for '"I(a,2n)'2''Csand '"I(a,4«)'"Cs reactions. 
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Figure 3. Experimentally measured and theoretically calculated excitation func-
tions for ^"Cs(a,2n)^"Laand i"Cs(a,4n)'"La reactions. 
choice of the appropriate set of these parameters the theoretical calculations have been 
performed. In the present calculations the initial exciton number n^ = 4(2/7 + 2n + Oh) 
alongwith the mean free path multiplier equal to 3 and the level density parameter 
a = A/\0, have been found to give a satisfactory reproduction of the experimental data. 
In figures 2 and 3, the excitation functions are represented by solid curves for the 
calculations obtained by the consideration of both the CN and PE contributions while 
the broken line is for the CN (Weisskopf-Ewing) calculations. From figures 2 and 3, it 
may be observed that experimentally measured excitation functions, particularly the 
tail portions, cannot be reproduced by CN calculations only. However, proper 
admixture of equihbrium (CN) and PE contributions is needed to explain the excitation 
functions satisfactorily. In the present experiment, excitation functions for ^^''l{a,n) 
i2°Cs,'^'I(a,3n)'^^Cs,i"Cs(a,n)i'<'La and'"Cs(a,3«)i^' 'La reactions could not be 
measured due to short half-lives of the product nucleus. However, the residual nuclei 
produced in these reactions are also involved in the successive evaporation chain of the 
other reactions for which excitation function are measured presently. 
4. Conclusions 
From the above analysis it may be concluded that a-induced excitation functions have 
high energy tails, which in general cannot be accounted for by pure equilibrium 
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reaction mechanism. Proper admixture of equilibrium and PE processes is needed in 
theoretical calculations for better reproduction of experimentally measured excitation 
functions. It may also be inferred from these figures that for a-particle induced reactions 
the choice of initial exciton number ng = 4 with configuration (2 protons, 2 neutrons 
and no hole) gives satisfactory reproduction of the experimental data. 
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The excitation functions for the reactions ^''•'Rh(Q. n)*°^"\Ag, ^''•^Rh(Q, 2n)' ' '^Ag, and 
^''•*Rh(Q, 3f))^°''Ag have been measured between 10 and 40 MeV alpha-particle energy, 
using the stacked foil activation technique. Excitation functions are also calculated the-
oretically using the (Geometry Dependent Hybrid (GDH) model. The computer code 
ALICE/LIVERMORE-82 has been used which takes into account the pre-equilibrium 
contribution along with the equilibrium decay of the compound nucleus. It has been 
found that initial exciton number no = 4 gives a satisfactory reproduction of experimen-
tal data. 
1. Introduction 
The study of the pre-equilibrium (PE) reaction mechanism in intermediate energy 
region has been a point of interest during the last decade. Enough evidences are now-
present to believe that both the direct and pure compound reaction mechanisms 
are not adequate to explain the high energy tail observed in the experimental exci-
tation functions. However, it has been found that a significant part of the reaction 
proceeds through the PE emission process. Several semiclassical models^"'^ have 
been proposed to explain the features of the experimentally measured excitation 
functions. Among these, the Geometry Dependent Hybrid (GDH) model, proposed 
by Blann'' has been found to give a successful reproduction of experimental data. 
Efforts are also in progress to give a fully quantum mechanical (QM) picture of the 
PE reactions in the framework of multistep theories®"^" but due to the huge com-
plexity involved in computation, the interaction of four nucleonic complex systems 
like Q-particle could not be explained so far. 
The study of excitation functions may give information of considerable value 
about the PE reaction mechanism. In order to have a more accurate knowledge 
"Permanent address: Department of Physics, Aligarh Muslim University. Aligarh-202002. India. 
Present address: Department of Physics. Garyouis University. Benghazi, Libya. 
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about the PE emission mechanism, more and more experimental data are needed. 
Keeping this necessity in mind the excitation functions for '°^Rh have been mea-
sured. The work presented here is a part of a programme of precise measure-
ment of excitation functions for o-induced reactions, currently under way.^^"^' 
Tlie measured excitation functions for ^°^Rh(Q, n)^°^"'Ag, ^°^Rh(a, 2n)^°^Ag. and 
^°^Rh(a.3n)^"''Ag reactions are compared with the GDH model of Blann.'' To the 
best of our knowledge, no earlier measurement has been done in the above energy 
region for these reactions. 
2. Experimental Details 
Present work has been carried out using the variable Energy Cyclotron at VECC, 
Calcutta, India. A stacked foil activation technique has been used in the present 
work. Samples for irradiation were taken in the form of a stack of six natural 
rhodium foils of thickness 1.24 mg/cm^ each. The purity of the material was 
better than 99.9% specpure. Aluminium degraders of thickness 6.25 lag/cvd^ were 
used for degrading the a-particle beam incident on individual foils. The energy of 
incident alpha-particles on each foil in the stack was calculated from the energy 
degradation of the initial beam energy using the stopping power values for different 
materials (Rh and Al). The stopping power values from the table of Northcliffe 
and Schilling'^ have been used. The geometry dependent detection efficiency of 
the detector calculated at various gamma-ray energies has been plotted for various 
distances from the detector. The target stack was irradiated with a 40 MeV energy 
alpha-particle beam. A typical experimental setup for the stack irradiation is shown 
in Fig. 1. By using a tantalum collimator in the present experiment the diameter of 
Water 
outlet 
Tantalum collimator 
a -beam 
0-r ings 
(Faradays cup) 
To current integrator 
Rh-toil stack interspersed 
with A!degraders 
— Insulatrng screws 
Perspex A chilled low conducting water 
coupling . , . 
., in et 
flange 
(insulator) 
Fig. 1. Typicai experimental setup used for irradiation of tlie stack with alpha-particle beam. 
Study of Excitation Functions in Rh(a,xn)Ag Reactions 347 
the beam was adjusted to 8.4 mm. The stack was screwed at the center of the flange. 
The stack was electrically insulated from the beam line and cooled by a specially 
designed jet assembly through which low conductivity water (LCW) circulates. The 
collimated alpha-particle beam of about 100 nA current falling on the target sample 
was monitored by a current integrator. The charge collected in the Faraday cup 
was used to calculate the alpha-particle flux. 
After irradiation, the target foils were brought, one by one. to the counting room 
and the characteristic gamma activities induced in the individual foils recorded with 
the help of a high resolution (FWHAI 2 keV at 1.33 MeV) 100 cm^ ORTEC Ge(Li) 
detector, coupled with a precalibrated 4096 channel CARBERRA-88 analyzer and 
associated electronics. ^^^Eu standard gamma source of known strength was used 
for energy and efficiency calibration, by keeping it at target position. 
In the present measurement, alpha induced reaction cross-sections have been 
calculated by using the following expression^^: 
,r,, AXexpiXti) 
(j(L) -
.Vo©(Gf)^A'[l - exp(-A^i)][l - exp(-A^3)] ' 
where .4 is the total number of counts under the photopeak of characteristic gamma-
rays, recorded in time f.3. A is the decay constant of the product nucleus. .VQ is the 
total number of nuclei, of the isotope under investigation, present in the sample, 
o is the average flux of the incident alpha-particle beam, (Ge) is the geometry 
dependent efficiency of the detector. 9 is the absolute intensity of the characteristic 
--ray. A' is the correction for the self-absorption of '-ray in the sample. t\ is the 
time of irradiation, tn is the time elapsed between stop of irradiation and start of 
counting, and .^3 is the counting time. 
3. Excitation Function Measurements 
The excitation functions for the reactions ^°^Rh(Q, ;?)^°'^ "'Ag, ^°^Rh(Q.2/?)'°^Ag, 
and ^°'*Rh(a.3?2)'''''Ag have been measured experimentally in the energy range 
from 13.59 ± 0.62 i\Ie\' to 39.88 ± 0.56 MeV at incident energies 13.59 ± 0.62. 
18.92 ± 0.59, 24.66 ± 0.59. 29.61 ± 0.57. 35.01 ± 0.57. and 39.88 ± 0.56 MeV. The 
measured excitation functions for the above reactions are the weighted average of 
the cross-section values corresponding to various identified 7-rays, weak --rays, as 
well as --rays having energies higher than 1.5 Me\''. are not taken into consideration 
because of their low detection efficiencies. All the spectroscopic data related with 
the product nuclei were taken from table of isotopes.-° 
In the case of [a.n) reaction, the threshold energy is 6.99 MeV. In this reaction, 
two isomers of ^°''Ag are produced having half-lives 8.4 days and 24.1 min. To study 
this reaction, we followed the gamma rays of 430 ke\'. 451 keV, 616 keV. 717 ke\'. 
748 keV. 804 keV. 825 keV. 1046 keV. and 1128 ke\' energy corresponding to 8.4 
days isomeric state. In this reaction, only isomeric state cross-sections have been 
measured because the 24.1 min ground state decays only through 512 ke\' --rays 
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which always interfere with the annihilation peak of 511 keV 7-rays. The weighted 
average cross-section corresponding to various 7-rays at different energies are given 
in Table 1. 
In the case of {a, 2n) reaction, the threshold energy is 14.83 MeV. In this reaction 
two isomers of "^'^  Ag are also produced having their half-lives 41.3 days and 7.2 min. 
To study this reaction we followed the 7-rays of 281 keV, 345 keV, 443 ke\', 645 keV, 
and 1088 keV energies, corresponding to the decay of 41.3 days ground state of 
^°^Ag. The 7-ray of 319 keV corresponding to the isomeric state of ^°'''Ag witli 
half-life 7.2 min, was allowed to decay to the ground state of "^^ ^Ag (with 99.7% 
isomeric transition), for enough time (about ten half-lives of isomeric state) until 
all the isomeric transitions are decayed to ground state of ^^^Ag so that the total 
cross-section could have been measured. The weighted average cross-sections are 
given in Table 1. 
Table 1. Measured cross-sections for alpha-induced reactions in ^'^''Rh. 
S. No. 
1. 
2. 
3. 
4. 
•5. 
6. 
Ecc 
(MeV) 
13..59 ± 0.62 
18.92 ± 0..59 
24.66 ± 0..59 
29.61 ± 0.57 
35.01 ± 0.57 
.39.88 ± 0.56 
i°3Rh(a,n)i°6mAg 
Cross-section (mb) 
46.00 ± 2.50 
161.85 ± 1.41 
27.55 ± 0.69 
12.83 ± 1.80 
8.00 ± 1.27 
9.00 ± 1.09 
l°3Rh(a,2ri)l05Ag 
Cross-section (mb) 
-
295.7.5 ± 15.12 
1029.80 ± 9.82 
905.60 ±46.01 
265.86 ±9 .07 
124.40 ± 10.03 
i03Rh(Q,3«)iO''Ag 
Cross-section (mb) 
-
-
-
153.00 ± 7.92 
944.00 ± 3.90 
1030.00 ± 68.09 
In the case of (Q. 3I() reaction, the threshold energy is 25.66 MeV. In this reaction 
two isomers of "^"^ Ag are produced having half-lives 33.5 min and 1.15 hours. To 
study this reaction we followed the ganinia-rays of 444 keV, 624 keV, 941 ke\', 
768 keV. 858 ke\7 and 942 ke\' corresponding to the decaj' of the ground state 
of ^°^Ag with haJf-life 1.15 hours, while 1238 keV gamma-ray corresponding to 
33.5 min half-life was followed for the isomeric state cross-section measurement. 
The total measured cross-sections at different incident alpha-particle energy has 
been shown in Table 1. 
4. Results and Discussion 
Presently measured excitation functions for the reactions ^''•^Rh(a, n)^''*''"Ag, 
^°^Rh(a. 2n)^°^Ag, and ^°^Rh(Q,3?i)-'°''Ag are shown in Table 1 and are also plot-
ted in Figs. 2. 3 and 4. respectively. To the best of our knowledge no earlier 
measurements are available in the literature for this energy region. In these fig-
ures solid points represent the measured cross-section. The horizontal bars are the 
alpha-particle energy spread within the target thickness along with the inherent 
uncertainty in the alpha-particle beam and vertical bars show the uncertainty in 
the measured cross-sections. If no bar is plotted this shows that the magnitude of 
error lies within the size of the circle itself. 
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25 32 
E^ (M?V) 
Fig. 2. Experimental and theoretical excitation functions for the reaction "'•^Rh(Q, ii)^'"^'"Ag. 
• : present measurement. ( ): pure EQ. ( ): PE with EQ [GDH model]. 
Zk 30 36 (»2 
Eoc(MeV) 
Fig. •!. Experimental and theoretical excitation functions for the reaction '"•^Rhfo. 2/])"^"''Ag. 
• : present measurement. ( ): pure EQ. ( ): PE with EQ [GDH model]. 
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38 UU 
E«(MeV) 
Fig. 4. Experimental and theoretical excitation functions for the reaction ^''''Rh(Q, Srjj^^^Ag. 
• : present measurement, ( ): pure EQ, ( ): PE with EQ [GDH model]. 
Theoretical excitation functions are also calculated in the framework of the 
Geometry Dependent Hybrid (GDH) model."* In this model calculations were per-
formed using the Compound Nucleus Model, with and without inclusion of pre-
equilibrium (PE) particle emission. The analysis of the eciuihbrium part has been 
done by the Compound Nucleus model of Weisskopf-Ewing'^' while the PE part has 
been done using the GDH model.'* whereas the contributions from the PE process 
has been included only in the first step of evaporation. For performing these calcu-
lations the computer code ALICE/LIVERMORE-82 was used. Generally, this code 
is useful in calculations of the excitation functions of neutron, proton, deuteron, 
and alpha particle. It is also capable of taking into account the emission of par-
ticles in groups. These groups are neutron; neutron and proton; neutron, proton 
and alpha particles; neutron, proton, deuteron, and alpha particles, etc., besides 
the evaporation of neutrons and protons. This code is capable of performing the 
theoretical excitation function calculations up to an energy range of 200 MeV. The 
details of the program and PE theories involved are already given in Refs. 1, 4, and 
22. 
The theoretical excitation functions are also plotted in Figs. 2-4, along with 
the experimental data. The dotted fine represents the calculation based on pure 
equilibrium (EQ) process while the solid line takes into account the PE particle 
emission along with equilibrium evaporation process of the compound nucleus. 
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5. Conclusion 
From Figs. 3 and 4 it may be concluded that high energy tail of the measured 
excitation functions of alpha-induced reactions cannot be accounted for by pure 
compound nucleus decay mechanism, and that the pre-equilibrium (PE) particle 
emission must be considered along with the equilibrium decay. Moreover, the PE 
fraction increases as the excitation energy increases. It is also inferred that for 
alpha-particle induced reactions the choice of initial exciton number HQ = 4 with 
configuration (two protons plus two neutrons, no hole) gives satisfactory results and 
support the finding of many earlier investigators.^^"^^''"^"^^ 
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